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Preface 


This book is concerned with the synthetic aspects of oxidation reactions involving metal 
compounds, which are readily available or easy to prepare. The sequence followed in the 
chapters is as follows: a general introduction, a limited treatment of reaction mechanisms to 
serve as a basis for synthesis, and scope and limitations of the oxidant system, mostly in 
terms of substrate and product classes. Finally, at the end of each chapter, representative 
synthetic procedures are given together with relevant experimental considerations. 

A general table is included as an appendix. This contains substrate classes and resulting 
product classes, referring to the oxidative procedures in the chapters. The table provides the 
synthetic organic chemist with a quick overview of oxidation possibilities with metal-contain¬ 
ing oxidants, enabling him to select the right method for his purpose. 

The editors hope that not only organic research chemists in industry and at universities, 
but also advanced undergraduate and graduate students in organic chemistry, will And this 
book a useful guide in the design, understanding, and practical performance of oxidative 
organic syntheses. 

The editors are grateful to the authors not only for their contributions, containing 
interesting new developments in oxidation chemistry, but also for the way they fitted the text 
into the general framework given for the book. Their suggestions and comments are 
gratefully acknowledged. Thanks are also due to Mrs. A. I. Rohnstrom-Ouwejan, secretary to 
the editors, for her administrative support. 


Arnhem, The Netherlands 


W. J. Mijs and C. R. H. I. de Jonge 
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Oxidation by Vanadium Compounds 


Fillmore Freeman 


1. INTRODUCTION 

According to IUPAC recommendations the abbreviation Va(V) is used to indicate pen- 
tavalent vanadium. 

The redox potential of the vanadium(V}-vanadium(IV) couple increases with acidity in 
the region from pH 1.5 to 2 M acid. 1 ' 9 The vanadium(IV)-vanadium(III) couple (£„) is 
0.36 V 8 . The potential for the vanadium(V}-vanadium(III) couple is 0.68 V and is not likely 
to be involved in many organic oxidations. 

V0 2 + +2H + + e £ V0 2 + + H 2 0 (1) 

Compounds of pentavalent vanadium are generally considered as one-electron oxidants. 
The reactive species in aqueous solution is the V0 2 + cation, which is stable in acid media 
and unstable in neutral media. 1 ' 9 In acidic solution, vanadium can exist in four oxidation 
states, i.e., violet V(H 2 0) 6 2 + , dark blue V(H 2 0) 6 3 + , bright blue V0 2 + , and yellow Va(V). 

V(V aM + H 3 0 + 2 V(OH) 3 2 * 4l) (2) 

VO(OH) 3 24 aq + H + £ V(OH) 4 \„ (3) 

Vanadium-51 NMR chemical shifts, linewidths, and area ratios have been obtained for 
various metavanadate ions in aqueous solutions as a function of counterion, pH, and 
vanadium concentration. 10 Eight vanadium! V) species were identified. In the pH range 
7.0-8.5, 51 VNMR resonances were observed at 574 ppm (V 3 0 9 3- and V 4 0, 2 4 ') and 
582 ppm (W 6 O n *~). It was also shown that tetraaikylammonium cations stabilize V 4 0, 2 4- 
species in solution. 

The catalysis of organic reactions under homogeneous (soluble metal complexes) and 
heterogeneous conditions has become a major synthetic tool in the laboratory and in 
industrial chemistry processes. 11 ' 65 Although fundamental research has become fairly 
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sophisticated in some areas of transition metal oxidations, it is still developing in certain 
areas of vanadium oxidations. 

It is of interest to note that a major new application of homogeneous catalysis began in 
1967 when Halcal Corporation announced a new synthesis of 1,2-epoxypropane from the 
molybdenum catalyzed epoxidation of propene with alkyl hydroperoxides. 56 The epoxidation 
can be done with a wide variety of olefins and transition metal catalysts (Cr, Mo, Ti, V, Zr). 
Although the most active catalysts are molybdenum salts and complexes, vanadium com¬ 
pounds are also effective. 

It is the purpose of this chapter to provide a description of homogeneous and 
heterogeneous vanadium oxidations which are synthetically useful or have potential for syn¬ 
thetic use in the laboratory. A variety of selective vanadium catalyzed oxidations which may 
be developed for laboratory scale synthesis are also included. 


2. MECHANISMS 

2.1. Alkanes, Aikylaromatics, and Aromatic Compounds 

There appears to be very little evidence for direct attack by vanadium compounds on 
alkanes. 31 Indeed, alkane activation remains one of the most worthwhile challenges to the 
ingenuity and imagination of the chemist. 41 " 44 

The vanadium catalyzed oxidation of alkylbenzenes to benzoic acids 45 or to phthalic 
anhydride 46 proceeds via free radical mechanisms. The rate of oxidation of fluorene and its 
1—CH 3 , 2 —C 2 H 5 , 2 —NO : . and 2-halo derivatives by vanadium(V) decreases with the 
increasing dipole moment of the substrate, which is contrary to the theory of 
Moelwyn-Hughes. 47 


2.2. Carbon-Carbon Double Bonds: Synthesis of Epoxides and Glycols 


The oxidation of carbon-carbon double bonds by vanadium compounds has received 
considerable study. 66-130 

Vanadium(V) oxide, 82 Ru0 4 , Mo0 3 , 0s0 4 , and Cr0 3 have been used as catalysts* for 
the conversion of olefins to epoxides, which can be hydrolyzed to 1,2-glycols under the acidic 
reaction conditions [Eqs. (5) and (6)]. 81-83 Vanadium(V) oxide and other acidic metal 
oxides (Cr, Mo. Nb. Ta, Th. Ti, U, W, Zr) catalyze the reactions of hydrogen peroxide via 
the formation of inorganic peroxy acids (1; see Chapter 16). 79,80 These peracids (1) are 
hydroxy hydroperoxides which result from the addition of hydrogen peroxide to an M=0 


MOj + HjO,^ 


HO. 


o 

I 

M-O 


OH 


1 


(4) 


group. Thus, the conjugate base of the peracid (1) is an excellent leaving group for 
nucleophilic displacement. Although inorganic peracids (1) closely resemble organic peroxy 
acids, their peroxidic oxygen atoms are more electrophilic owing to the presence of the 
oxometal group (M=0). 

Although the kinetics of the V 2 0 5 catalyzed hydrogen peroxide oxidation of simple 
olefins have not been investigated, from the studies with Se0 2 , Mo0 3 , and W0 3 , and by 


It was shown that the 0s0 4 and Ru0 4 catalyzed reactions proceeded via a different mechanism than 
that catalyzed by MoO, and WO,. 115 
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analogy with the peroxy acid oxidation of alkenes (2J 84 and thiosulfmates, 85 one can 


envisage an activated complex resembling 3 
double bonds. 
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The kinetics and mechanisms of epoxidation of fumaric acid (5) and maleic acid (6) by 
hydrogen peroxide in the presence of sodium orthovanadate (Na 3 V0 4 ) have been studied. 66 
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The epoxidation rate of 5 to (E)-epoxysuccinic acid (7) is faster than the epoxidation of 6 to 
(Z)-epoxysuccinic acid (8). The reaction is first order with respect to unsaturated acid and 
Na 3 V0 4 , and zero order with respect to H 2 0 2 . A polar concerted electrophilic rate-deter¬ 
mining step is proposed for the epoxidation. Contrary to expectation, the pH dependence of 
the epoxidation by aqueous H 2 0 2 is still different from the molybdate- or tungstate- 
catalyzed process. 66 

In the above system, H 2 0 2 does not bring about epoxidation of 5 or 6 without the 
catalyst and the catalyst alone fails to bring about epoxidation. Thus, in acidic medium, 67 
orthovanadate changes into V 2 0 5 , which dissolves in aqueous H 2 0 2 to give peroxyvanadic 
acid. 69 Therefore, in the above system, 66 it is presumed that peroxyvanadic acid reacts with 5 
or 6 to give epoxides (7 and 8) and vanadic acid, which is reconverted to peroxyvanadic acid 
by H 2 0 2 . Equations (9)—(11) represent a reasonable mechanistic scheme. 66 
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Vanadium(V) and other metal [Mo(VI), Ti(IV), and W(VI)] complexes facilitate the 
heteroiysis of alkyl hydroperoxides by forming complexes similar to inorganic peroxy acids 
(1). These complexes are effective for the regioselective and stereoselective epoxidation of 
allylic and homoallylic alcohols. 56 ' 86 ' 87 ' 97 ' 98 ' 115 

(X 
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OH OH OH U 
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OH OH 

(j^^COXH, ^^a^ ^^^COiCHa (13) 
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OH OH O 
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Although mechanistic details are yet to be established, several reasonable mechanisms 
have been proposed for oxometal epoxidations. One proposed mechanism involves a 
peroxometal intermediate [Eqs. (15) and (16)]. Other mechanisms [Eqs. (17)-(21)] 100-103 
involve the alkyl hydroperoxide directly in the oxygen transfer step. Another mechanism 
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involving a quasiperoxymetallocyclic intermediate (15) has also been proposed [Eqs. (22) 
and (23)]. 104 Oxygen-18 labeling studies are consistent with activated complexes 11 and 
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12 ‘02.103 gyjdence has been presented in favor of peroxometai intermediates [10, Eqs. (14) 
and (15)] in the presence of organic bases. 94114 
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Activated complexes 11 and 12 are consistent with the high syn activities and excep¬ 
tional reactivities observed in the epoxidation of allylic alcohols with vanadium compounds 
(cf. 16) 102 - 113 ' 116 ' 117 a tetrahedral vanadate ester transition state model (17) has been 
proposed to account for the high asymmetric induction involved in the oxidation of 



homoallylic alcohols. 87 The formation of alcohol-catalyst complexes has a retarding effect on 
the rate of epoxidation. 100115 

The oxidation of cyclohexene in the presence of [C 5 H 5 V(CO) 4 ] gives cu-1,2- 
epoxyclohexen-3-ol (65%) after 10% conversion of the substrate [Eq. (24)]. 108 Evidence 
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was presented for a reaction pathway which involves the stereoselective epoxidation of 2- 
cyclohexen-l-ol by cyclohexenyl hydroperoxide. The formation of cw-epoxide as the 
predominant product contrasts sharply with the more conventional results obtained using 
iron and molybdneum complexes having a similar ligand system. 

In contrast to m-chloroperoxybenzoic acid (MCPBA), the VO(acac) 2 —(CH 3 ) 3 COOH 
system epoxidizes cyclic allylic alcohols predominantly to the jvn-epoxide. 106 However, with 
conformationally rigid alcohols, the corresponding ketone is formed. A 6,5-membered 
activated complex (18), a 5,5-membered activated complex (19), and 20 have been proposed 
to account for the MCPBA oxidation, jvn-epoxide formation, and ketone formation, 
respectively. 106 
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2.3. Hydroxy Compounds 
2.3.1. Alcohols 

The synthetic aspects of the vanadium(V) oxidation of alcohols 1,0-147 and polyols 148 ' 165 
have received limited attention. 

The competition between C-H and C-C bond cleavage generally depends on the 
stability of the radical which is formed and the oxidation potential of the oxidant. 158139 For 
example, vanadium(V) selectively oxidizes 2-phenylethanol to phenylmethanal 
[Eqs. (25)—(27)]. The absence of the oc-C-H cleavage product (phenylethanal or 

C 6 H 5 CH 2 CH 2 OH + Va(V) =?± C 6 H 5 CH 2 CH 2 OV(V) + H + (25) 

C 6 H 5 CH 2 CH 2 OV(V)-► C 6 H 5 CH 2 + CH 2 0 + V(IV) (26) 

C 6 H 5 CH 2 + 3Va(V)C 6 H 5 CHO + 3V(IV) + 3H + (27) 

phenylethanoic acid) suggests that the activated complex for C-C bond fission involves the 
incipient formation of a benzyl radical by multibond cleavage [Eq. (29)]. Similarly, tert- 
butyl benzyl alcohol gives the r-butyl radical and phenylmethanal as the major products and 
pinacol monomethyl ether affords the relatively stable intermediate a-oxyalkyl radical 
(CH 3 ) 2 COCH 3 . 139 


C 6 H 5 CH 2 CH 2 OH-► C 6 H 5 CH 2 CHOH-► C 6 H 5 CH 2 CHO-► c 6 h 5 ch 2 co 2 h 

(28) 

C 6 H 5 CH 2 CH 2 OV(V)-► [C 6 H 5 CH 2 - - - CH,0 - - - V] * (29) 


OH 
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C 6 H 5 CHC(CH 3 ) 3 
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C 6 H 5 CHO + C(CH 3 ) 3 
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The kinetics of the oxidation of 2-propanol by aquavanadium(V) ions in aqueous 
perchlorate media 133 and the kinetics of the oxidation of several aliphatic alcohols 134 by 
vanadium! V) have been reported. 

New catalytic systems (silylvanadate catalysts) with silanols or silanediols have been 
found which effect the isomerization of a-acetylenic alcohols to the corresponding a,(i- 
unsaturated carbonyl compounds with high efficiency. 140 Optimum conditions have been 
developed for the conversion of dehydrolinalool (24) to citral (25 and 26). 


Xyv|\ —► + / 1 v/\A. 

OH ° X (31) 

H O 

24 25 26 

Vanadium! V) in aqueous perchloric acid oxidizes 2-ethylcyclobutanol and 2,2- 
dimethylcyclobutanol (27) to 4-hydroxyhexanal and 4-hydroxy-4-methyipentanai (28), 


q: 


OH 
CH, 
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27 
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ch 3 -c-ch : ch 2 -c-h 

CHj 


28 


(32) 


respectively. Ring cleavage occurs at the more substituted carbon atom. 135 136 In H 2 I8 0, 
cyclobutanol gives 4-hydroxybutanal with ls O incorporated in the hydroxyl group. The 
oxidation of the cyclobutanols follows the rate law v = /c[Va(V)][ROH]/i 0 . (E)- and (Z)-2- 
ethylcyclobutanol react at the same rate. Methyl cyclobutyl ether is 10 4 times less reactive 
than cyciobutanol. The overall mechanism of this oxidation is summarized in 
Eq. (33H35). 135 
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(33) 


(34) 


(35) 


Additional support of the above mechanism includes the observations that 1- 
methyicyclobutanol reacts about nine times faster than cyciobutanol and 1- 
deuteriocyclobutanol shows a low deuterium kinetic isotope effect (k H /k D ~ 1.21). It is also 
of interest to note that cyclobutanols react with two electron oxidants via carbon-hydrogen 
bond cleavage to give cyclobutanones and with one electron oxidants [Va(V), Cr(IV), 
Ce(IV)] via carbon-carbon bond cleavage to give y-hydroxybutanals. 136 

Although the yields of adipic acid generally exceeds 90%, the mechanisms involved in 
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the oxidation of a mixture of cyclohexanoi and cyclohexanone in a solution of NH 4 V0 3 and 
Cu(C0 3 ) : in 45%-50% nitric acid at 70-80°C. in the presence of air, are not known 
[Eq. (36)]. 131 - 132 it may be that the intermediate diketone (33) is stoichiometrically oxidized 
by two VO, 4 ions to adipic acid. The vanadium(IV) is reoxidized by nitric acid, which 
makes the involvement of vanadium catalytic. 


OH 

6~cC"CC“Cx:*k*« 


(36) 


31 


32 


33 


The vanadium(V) oxidation of cyclohexanoi follows the kinetic equation 131 
v = A-[VO ; ’ + ][R0H][H 3 0 + ]. There is evidence for the formation of a complex 
[ROH V(OH) 3 + ] in acid solution. 13211 


2.3.2. Phenols and Hvdroquinones 

The oxidation of simple phenols and some aniline derivatives with vanadium 
tetrachloride or vanadium oxychloride affords dimeric products which are coupled 
predominantly at the para position [Eq. (37)]. 166 Phenol itself is not oxidized by VOCl 3 
under the conditions of vanadium tetrachloride oxidation. The oxidative coupling reaction is 
believed to occur by a rearrangement of electrons in a complex containing at least two 
phenoxide (or phenol) residues and at least one metal center. Evidence in support of the 
existence of vanadium phenoxides was obtained. 166167 Unfortunately, none of the above data 
are sufficient to formulate a definitive mechanism for the complex vanadium oxidation 
of simple phenols. Part of the oxidation pathway may involve a simple NR2 (concerted 
coupling and electron transfer) mechanism which is nonradical in character [Eq. (37)]. 168 



Other kinetic and mechanistic studies of phenol coupling in vanadium(V) oxidations 
have been reported. 166-170 The oxidation of phenols by vanadium(V) in aqueous solution 
requires 2 moles of vanadium(V) for each mole of phenol and the order of reaction is 
variable (between one and two) for vanadium(V) and first order with respect to the concen¬ 
tration of phenol. 169 An intermediate vanadium-phenol complex was proposed as an inter¬ 
mediate. In another study, 170 the rate law v = fc[phenol][Va(V)] was observed with a rho 
value of -4.3. These data appear to be consistent with a nonradical mechanism in which an 
activated complex with considerable positive charge is involved. 
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The oxidation of 2.4,6-tri-/er/-butyIphenoi (37) and several other alkyl and halophenols 
by chromyl chloride and vanadyl chloride has been studied. 171 The products of the VOC1, 
oxidation, which depended on the 37: VOC1, ratio, are quinones, diphenoquinones, and 
major amounts of dealkylated phenols and C-C coupled dimers [Eq. (38)]. The product dis¬ 
tribution was interpreted in terms of a mechanism involving phenoxy radicals, ligand transfer 
from metal to radical, and either phenoxonium ions or metallate esters. 171 



OH OH OH OH 



The kinetics of the oxidation of catechol (38) and a series of catechol derivatives, i.e., 
1,2,3-trihydroxybenzene (pyrogallol), 174 1,2,4-trihydroxy benzene, 175 /(-(3,4-dihydroxy- 
phenyl (alanine (39, L-Dopa), 174 and epinephrine (1-adrenaline, 40) 163 have been studied. 
Product identification suggested o-benzoquinone (41) is the initial product of the Va(V) 

OH 

if" 

38 39 40 41 

oxidation of catechol (38). 174 The mechanism most consistent with the data and the 
chemistry of the catechol system involves reversible formation of a complex between 
vanadium! V) and the reductant. followed by a rate determining reaction of this complex and 
vanadium(V). 174 Vanadium(V) rapidly oxidizes quinol (42) to 1,4-benzoquinone in 
perchlorate media. 172 ,76 177 Stopped-flow techniques showed that the oxidation is an inner- 
sphere reaction, of first order in [Va(V)] under all conditions, of first order in [42] at low 
acidities, and less than first order in [42] at high acidities, and that the rate increases with 


CH,CH(NH 2 )C0 2 H 


OH 


HO CHCH-.NCH, 
HO 
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O 


OH 


OH O 



OH O 

42 


increasing acidity. These data are consistent with the decomposition of two 
aquovanadium(V) ions which are related by a protonation equilibrium. 17 ' 

Many phenols can be intramolecularly coupled [cf. Eq. (37), (38)] in moderate to 
excellent yields with vanadium tetrachloride, vanadium oxytrichioride, or other vanadium 
compounds. 166 167 178 ' 191 The high yield with vanadium oxychloride has been attributed to 
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the formation of a phenoxyvanadium intermediate which does not promote the formation of 
polymeric materials to the same extent as initially added oxidants such as ferricyanide or 
ferric chloride [Eq. (40); cf. Eq. (37)]. 166 


O 




(40) 


The vanadium oxychloride oxidation of A'-substituted norreticuline derivatives (46) 
[Eq. (41)] proceeds via the mechanism shown in Eq. (40). 166 



The vanadium oxyfluoride oxidation of laudanosine derivatives (49) to glaucine 
derivatives (52) may involve intermediate derivatives of morphinandienone (50) and 
proerythrinadienone (51) (Scheme I). 55 The anodic oxidation of 49 in trifluoroacetic 
acid-trifluoroacetic anhydride also gives 52 (80%). 


SCHEME 1 
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2.4. Carbonyl Compounds: Ketones and Quinones 

The initial products from the vanadium(V) oxidation of ketones are sometimes difficult 
to identify owing to their ease of oxidation. 31 ' 48 ’ 69192-205 Ketones with a-hydrogens are 
readily oxidized by pervanadyl ion. The oxidation of cyclohexanone to a- 
hydroxycyclohexanone [Eq. (42)] probably involves homolytic decomposition of a cyclic 
complex (54) to yield resonance stabilized radicals. 193-195 A kinetic isotope effect of 4.2 at 
50°C is consistent with the proposed mechanism, which suggests initial coordination of the 
oxidant with the carbonyl oxygen atom [Eq. (42)]. In the coordination process the oxidant 
behaves as a Lewis acid. 



53 54 


The kinetics of the vanadium(V) oxidation of acetophenone and substituted 
acetophenones to benzoic acids in perchloric acid solution have been studied. 199-200 The rate 
expression 

v = /t 3 [ketone][Va(V)][HC10 4 ] (43) 

was obtained. 197 Since the rate increases with increasing acidity, the species V(OH) 2 3+ and 
V(OH), 2+ may be important in the oxidation of acetophenones. 

The kinetics of the vanadium(V) oxidation of 1-acetyl- and 2-acetylnaphthalene to the 
corresponding naphthoic acids and naphthols [Eq. (44)] in aqueous ethanoic acid have 
been studied. 201 The formation of naphthols suggests attack of oxidant at the double bond of 
acetylnaphthalene. 



OH 

The kinetics and mechanisms of the vanadium(V) oxidation of 4-methylpentan-2-one, 193 
cyclopentanone, 195 cycioheptanone, 195 cyclooctanone, 195 aromatic ketones, 196 oxanones, 201 
and a-halo ketones 202 have been studied. 

3-Hydroxy-2-butanone (acetoin, 55) consumes four equivalents of vanadium(V) per 
mole and gives 2,3-butanedione (biacetyl, 56), which is oxidized faster than 55. Ethanal, 
which is oxidized more slowly than 55, is not an intermediate. A solvent isotope effect 
{k Di0 /k H}0 — 1.3) was observed. A mechanism involving carbon-hydrogen bond cleavage of 
55 is consistent with the observed kinetic and product data. 


CHj-C = 0 CHj—C = 0 

| -► | -► 2CH 3 CO,H (45) 

CHj-C-OH CH 3 -C = 0 

I 

H 

55 56 


Vanadium(V) in perchloric acid oxidizes 3-hydroxy-3-methyl-2-butanone (57) to 
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propanone and ethanoic acid. A mechanism involving carbon-carbon bond cleavage of a 
cyclic complex satisfactorily accounts for the process. 204 


CH,-C = 0 

1 + 2Va(V) 

CH, —C —OH 

I 

CH, 

57 


O 

/K + CH,CO,H + 2V(IV) 
CH, CH, 


(46) 


2.5. Nitrogen Compounds 


Although the vanadium catalyzed oxidation of nitrogen compounds has not been exten¬ 
sively explored, 170 ' 206 " 220 several useful synthetic procedures have been described. The 
kinetics of the vanadium oxidation of amines, 170 piperidinols, 217 benzoylhydrazines, 218 
nicotinoyl hydrazide, 218 isonicotinoyl hydrazide, 219 and phenylethanoic acid hydrazide 220 
have been studied. 

Benzenamine is oxidized by lerf-butyl hydroperoxide to nitrobenzene in the presence of 
catalytic quantities of vanadium compounds. 211 ' 212 The rates correlate reasonably well with 


NH, NO, 



(47) 


both Hammett <r constants and Brown-Okamoto a + constants and give rho values of —1.63 
and —1.42, respectively. The postulated mechanism involves a rapid complex formation 
between peroxide and catalyst, preceding a rate-limiting heterolysis of the oxygen-oxygen 
bond of this complex. 212 

A.N-Disubstituted anilines are oxidatively coupled at the para position by vanadium 
tetrachloride. 166 The mechanism for the coupling is similar to the ones proposed for the reac¬ 
tion of vanadium tetrachloride and phenols [Eqs. (37), (40), (41)]. 

A novel reaction of tertiary amines with organic hydroperoxides in the presence of 
vanadium compounds to give excellent yields of amine oxides has been reported. 213-215 An 
ionic mechanism has been proposed for this vanadium catalyzed hydroperoxide oxidation of 
tertiary amines to amine oxides (see also Chapter 16 on peroxide-metal compound 
oxidations). 213 ' 214 

cr 

I 

R-N-R -* R — N + —R (48) 


2.6. Sulfur Compounds 


2.6.1. Oxidation of Thiols 

The oxidation of 2-mercaptosuccinic acid (thiomalic acid, RSH) to the corresponding 
disulfide 221 ' 222 by the oxyions of vanadium(V) has been studied in the pH range 2.4-4.4 via 
spectrophotometric stopped flow techniques. 221 The reaction proceeds via the formation of a 
colored intermediate complex (59) followed by a slower electron transfer step. Reaction of 
the intermediate leads to the formation of the disulfide [Eqs. (49M52)]. 221 
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2.6.2. Oxidation of Sulfides and Sulfoxides 

The vanadium catalyzed oxidation of sulfides to sulfoxides and sulfoxides to sulfones by 
/-butyl hydroperoxide has been studied in considerable detail. 223-243 

The oxidation of 4-chiorophenyl methyl sulfide and a series of substituted aryl methyl 
sulfides with hydrogen peroxide in the presence of catalytic amounts of 
bisacetylacetonatooxovanadium(IV) [VO(acac) 2 ] in ethanol at 25°C afforded the sulfoxides 
in quantitative yield. 226 Oxidation rates were little affected by substitution in the phenyl ring 
of the sulfide. The catalyst associates more strongly with hydrogen peroxide than with /-butyl 
hydroperoxide to form the peroxyvanadate 60a. The diperoxovanadate (60b), which is also 
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formed, is a less effective oxidant since it is a strong acid and exists mainly in its anionic form 
(60c), which is a poor nucleophile. The vanadium(V) catalyzed autodecomposition of 
hydrogen peroxide is a major factor in preventing this system from epoxidizing olefins (vide 
supra). 

More recent studies 229-234-236 on the vanadium(V) catalyzed oxidation of sulfides by 
hydrogen peroxide in ethanol or dioxane-ethanol have shown the presence of monoperoxo- 
(60b) and diperoxovanadium(V) species (60c). Evidence concerning the nature of 
peroxometai intermediates in the vanadium catalyzed oxidation of organic substrates by 
hydrogen peroxide or /-butyl hydroperoxide has been critically reviewed. 236 
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3. SCOPE AND LIMITATIONS 
3.1. Oxidation of Alkanes 

Low valent metal ions [Cu(I), Sn(II), Ti(III), V(III)] and dioxygen stoichiometrically 
oxidize alkanes to alcohols in relatively low yields. 239 
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Allylic carbon-hydrogen bonds are oxidized by moderate oxidants such as Mo(IV) and 
Se(IV), whiie stronger oxometals [Cr(VI), Mn(VII), Ru(VII), and Va(V)] react at the 
double bond and at the allylic position. 


3.2. Oxidation and Ammoxidation of Alkylaromatics 

Vanadium compounds oxidize a wide variety of aromatic hydrocarbons under diverse 
experimental conditions. 45 " 56 

The vanadium oxidation of alkylbenzenes containing electron attracting groups to the 
corresponding substituted benzoic acids occurs in near quantitative yields. 45 

Methylbenzenes 57-60 and methylpyridines 61 undergo direct ammoxidation to nitriles 
with a mixture of ammonia and dioxygen in the presence of V 2 O s at elevated temperatures. 
An imidovanadium species may be an intermediate in the direct ammoxidation or oxidative 
ammonolysis of alkylaromatics. 60,62 " 65 
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3.3. Oxidation of Aromatic Compounds 

Vanadium(V) compounds can effect oxidation of carbon-hydrogen bonds 
[Eqs. (57-59)] or cleavage of carbon-carbon bonds [Eq. (60)] in aromatic compounds. 

Although aqueous vanadium)V) does not attack benzene itself, it oxidizes naphthalene 
and other polycyclic aromatic hydrocarbons in the presence of acetic acid and sulfuric acid 
[Eqs. (44), (57), (58)]. 3148 



Although the sodium chlorate-vanadium pentoxide mixture, which is not very powerful, 
oxidizes hydroquinone (42) to 1.4-benzoquinone and anthracene to 9,10-anthraquinone, 
respectively, it is not suitable for the oxidation of acenaphthene, fluorene, naphthalene, and 
phenanthrene. 51 
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The vapor phase oxidative cleavage of naphthalene to phthalic anhydride generally 
involves V 2 O s supported on silica. 46,50 
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3.4. Oxidation of Carbon-Carbon Double Bonds 

Vanadium(V) compounds can oxidize carbon-carbon double bonds to oxiranes, to 
aldehydes, or to mono- and dicarboxylic acids. 

Although vanadium(V), vanadium(IV), and vanadium(III) complexes are inert to alkyl 
hydroperoxides, in the presence of nucleophiles such as amines, olefins, phosphines, and sul¬ 
fides a catalytic reaction involving oxygen transfer occurs. 119 With alkenes, the epoxidation is 
stereospecific and proceeds in high yield. The industrial synthesis of 1,2-epoxypropane uses 
vanadium compounds. 56 

X C = C / + ROOH ■ Val - l -> -C—C- + ROH (61) 

/ \ II 

The vanadyl acetylacetonate [VO(acac),] catalyzed epoxidation of olefins may be per¬ 
formed at 0 or at 20-24°C. Allylic, homo-, and bishomoallylic alcohols are epoxidized much 
faster than the simple unsaturated hydrocarbon. 86,87,12l ~ 123 The vanadium(V) catalyzed 
epoxidations of allylic alcohols afford products with the epoxide syn to the hydroxyl group 
[Eqs. (12)-(14), (62), (63)]. 118 The key step in the synthesis of the juvenile hormone dl-C l% 
Cecropic from farnesol involves the vanadium catalyzed epoxidation of two allylic alcoholic 
groups in the presence of an unactivated double bond. 



The catalyzed epoxidation of geraniol (61) occurs at the double bond closer to the 
hydroxyl group, whereas peroxy acids preferentially epoxidize the other double bond. Com¬ 
pound 62 is easily converted to a conjugated 1,3-diene [Eq. (64)]. 121 



CH, CH, 


ValVI. C,H„ 
i-BuOOH 
93 % 


CH, 

O OH 


CH, CH, 


61 


62 



(64) 


The antibiotic methyl pseudomonate A (64) is obtained at a 1.5:1 ratio with its isomeric 
epoxide from the r-BuOOH/VO(acac) 2 oxidation of methyl pseudomonate C (63). The reac¬ 
tion becomes more stereoselective if the 6,7-cw-diol unit in 63 is protected. Using protected 
63, the ratio of 64 to its isomer is 3:1, presumably because the cw-6,7-diol can no longer form 
a complex with the metal catalyst. 240 
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Table 1 summarizes some of the results from the [Va(V)/TBHP] epoxidation of 
homoallylic alcohols. 87b 

Trimethylsilyl ethers of allyl and homoallyl alcohols are epoxidized with t- 
butyldioxytrimethylsilane and a catalyst system consisting of vanadyl acetoacetate and tris- 
(trimethylsilyl Jphosphate (Table II). 241 Stereoselectivities of the oxidation are similar to the 
epoxidation of allyl alcohols with vanadium-z-BuOOH catalyst. 


TABLE I. Vanadium(IV) Oxide bis(2,4-pentanedionate (-/-Butyl Hydroperoxide 
Epoxidation of Homoallylic Alcohols" 


Major epoxy 

Selec- 

Yield 


Major epoxy 

Selec- 

Yield 

Alcohol 

alcohol 

tivity 

<%) 

Alcohol 

alcohol 

tivity 

(%) 

HO^A”^ 

HO^ 

>400:1 

90 

OH 

Av-Vqh, 

OHO 

, AAa-C.H,, 

104:1 

92 

OH 

R 

OHO 

AA 

n *C» H i j R 

24:1 

93 

OH 

v^Ap 

OHO 

vY 

>400:1 

97 

R = (CHj),CO,CH, 







OH 

n-C 6 H,'^ /V/ 

OH „ 

It 

1.4:1 

99 

OH 

Ap „-C 6 H„ 

? H ft 

A P"’ C ‘ H '> 

70:1 

73 

OH 

OHO 



OH 

OHq 



A/~V^ 

AAV 

12:1 

83 

Ap 

A^ 

85:1 

70 

OH 

OH n 



OH 

OHq 



AjYV 


4.6:1 

50 

yS r 

•yV^ 

2.1:1 

91 

OH 

Ph'^V^ 

OH n 

4.8:1 

98 

OH 

Ay”\ 

«-C,H,,l 

b-CsHji 

15.9:1 

81 

OH 

OH n 

3:1 

88 

OH 

Ap 

OH 0 

A^a 

211:1 

95 

OH 

As/v 

OH „ 

AX| 

5:1 

88 





A 









° Reference 87b. 
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TABLE II. Epoxidation of Ally! (or Homoallyl) Trimethylsilyl Ethers" 


Ally! (or homoallyl) 
trimethylsilyl ether 

Yield (%) 

Epoxide(s) (ratio) 

YY 

OSiMe, 

85 

OSiMe, 

O. 

YY 

OSiMe, 



87-90 

10-13 

OSiMe, 

78 

°1>Y 

OSiMe, 

O, 

OSiMe, 



46 

54 

Jy Bu 

OSiMe, 

21 

%y Bu 

OSiMe, 

°Y r Bo 

OSiMe, 



35 

65 

^"^^OSiMe, 

60 

YTY 

O OSiMe, 

^cf^OSiMe, 



87 

13 

Y/'y' 

OSiMe, 

56 

Yy 

^ OSiMe, 

^^OSiMe, 



89 

11 


“ Reference 241. 


Cyclohexene epoxide can be prepared in quantitative yield by the vanadyl 
acetylacetonate (vanadium oxyacetylacetonate) catalyzed /-butyl hydroperoxide reaction 
with cyclohexene. 120 Vanadium octoate [V(oct) 3 ] or V(acac) 3 may also be used. 

0 + ROOH — » 0Y (66) 

Vanadyl acetylacetonate-azobisisobutyronitrile [V0(C 5 H 7 0,) 2 -A1BN] is an effective 
catalyst for oxygenation of cyclohexene mainly to the cis-a, 0-epoxy alcohol [Eq. (67)]. 242 
The system is comparable to CpV(CO) 4 . Other cycloalkenes react in the same way 
[Eq. (67); cf. Eq. (24)], except for cyclooctene, which affords only the epoxide. 

OH OH O 

01 - 0 £° + (^PO + (jj + (j) (67) 

28 41 15 : 16 


Table III shows a comparison of the stereoselectivities of the epoxidation of 2- 
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TABLE III. Stereoselectivity in the Metal-Catalyzed /-Butyl Hydroperoxide Epoxidation 

of 2-Cyclohexen-l-ol° 


Catalyst 

Reaction 
time (h) 

Conversion of 
/-BuOOH (%) 

Conversion of 
ene-ol 

Yield of 

cis 

Epoxyol 
(%) trans 

{as.tr ans) 

Yield of 
/-BuOH(%) 

V(acac) 3 

2.0 

100 

70 

96 

1 

(99) 

89 

VO(acac) 2 

2.5 

83 

69 

99 

1 

(99) 

98 

Mo(acac), 

3.0 

75 

49 

39 

21 

(1.9) 

61 

Mo0 2 (acac) 2 

2.0 

63 

45 

40 

19 

(2.1) 

76 

Mo(CO) 6 

1.5 

52 

36 

64 

29 

(2.2) 

87 

W(CO) 6 

9.5 

45 

40 

54 

23 

(2.3) 

82 


* Reference 108. 


cyclohexen-l-ol by /-butyl hydroperoxide in the presence of complexes of vanadium, molyb¬ 
denum, and tungsten. 108 It was shown that the low valent vanadium complex 
[C 5 H 5 V(CO) 4 ] gave higher yields of cyclohexenyl hydroperoxide than VO(acac) 2 , 
V(acac) 3 , and vanadium naphthenate. Moreover, cyclohexene oxidations run in the presence 
of [C 5 H 5 V(CO) 4 ] do not exhibit the long induction periods which can occur when 
vanadium(III) and vanadium(IV) complexes are used. 1081 " 

A heterogeneous catalyst system consisting of a mixture of vanadium pentoxide and 
Pd(II) is used for the commercial preparation of ethanal 76 or ethanoic acid 77 from ethene. 

Cycloalkenes are oxidized to the corresponding dicarboxylic acids with aqueous nitric 
acid in the presence of NH 4 V0 3 or V 2 O s . 70-74 A more efficient oxidation system involves 
use of 25%-50% aqueous nitric acid, V 2 0 5 , and a nearly stoichiometric amount of osmium 
tetroxide. 75 In this system, which probably involves glycol intermediates which are cleaved 
by HNOj and V 2 0 5 , cyclohexene, cyclooctene, and cyclododecene are oxidized to 1,6- 
hexanedioic (89%), 1,8-octanedioic (82%), and 1,12-dodecanedioic (86%) acids, 
respectively. 7071 - 75 



( 68 ) 


Exploratory work has shown that vanadyl chloride (VOCl 3 ) can react with olefins in the 
presence of Lewis acids such as BF 3 or POCl 3 . 31 ' 69 The reaction of cyclohexene with VOCl 3 
in the presence of POCI 3 gives an 80% yield of mostly trans- 1,2-dichlorocyclohexane. The 
use of VO(OAc), in acetic acid in the presence of acetyl chloride gives the corresponding 
acetylated product. 31,69 



+ VOClj + POC1, 



(69) 


3.5. Oxidation of Alcohols 


3.5.1. Primary Alcohols 

Methanol was oxidized to methanal using vanadium pentoxide as a catalyst and stannic 
oxide as a promoter. 243 

The oxidation of 1-propanol over a modified vanadium pentoxide catalyst at 210°C 
gives propanal in 94%-96% selectivity. 137 
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The vanadium(V) oxidation of 2-phenyiethanoi to phenylmethanal is described above 
[Eqs. (25)-(27)]. 138139 


3.5.2. a-Acetylenic Alcohols 

a, /J-Unsaturated carbonyl compounds are important intermediates in the manufacture 
of carotenoids, fragrances, and vitamins. They have been obtained by reactions of ct- 
acetylenic alcohols in the Meyer-Schuster 141 and Rupe 142 143 type rearrangements which 
often lead to complex mixtures of products. 140 144-147 A new efficient procedure for effecting 
these isomerizations makes use of silated vanadates, particularly tris(triphenylsilyl)vana- 
date(V), as catalysts. 140 

Readily available alkylvanadates are easily esterified with successive replacement of the 
three alkyl groups by dehydrolinalyl groups. The dehydrolinalylvanadates (65) decompose at 
elevated temperatures to give citral [25 and 26; Eq. (31)]. Tris(triphenylsilyl)vanadate(V) 


(R 3 )V = 0 + 3^ = V / \|/ OH -► 3 ROH + 

I 

24 


o-bv=o 


(70) 


I 


65 


and 24 in various solvents at 140°C for 5-10 min gave citral in 78% yield and over 90% of 
the silylvanadate crystallized unchanged from the reaction mixtures. Addition of a carboxylic 
acid (e.g., benzoic or lauric acid) increased the yields to 85%-90% over a 30 min reaction 
period. Addition of more 24 repeats the cycle [Eq. (71 )]. 140 


[RjSiO] jVO 
66 


R 

A 

HO R, * 
67 


? 1 

[R,SiO],V x R i + R ’ SiOH 
O R 
68 


+ R ,SiOH 



[RjSiOLV^ 'll 

O A 


R 

69 


R, 


(71) 


Table IV summarizes some of the yields of at, 0-unsaturated carbonyl compounds from 
the rearrangement of a-acetylenic alcohols in catalytic systems composed of silylvanadates 
and silanols or silanediols. 140 


3.5.3. Cyclobutanols 

Vanadium(V) in aqueous perchloric acid oxidizes cyclobutanols to the corresponding y- 
hydroxy aldehydes and ketones. 135 ' 136 
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R, 


R, R 

-M-oh 


Va|V| 


R, 


OH O 

I I 

-C-CH,CH,-C-R 


R, 


R = R, = R, = H 94% 

R = CH,, R, = R, = H 76% 
R = R,=H, R : = C 2 H 5 74% 
R = H, R,=R, = CH 3 73% 


(72) 


3.5.4. Phenols and Phenyl Ethers 

The vanadium(V) oxidation of hydroquinones to quinones is used as an analytical 
method. 176177 

Vanadium tetrachloride is useful for the oxidative coupling [cf. Eqs. (37), (38)] of 
phenols [Eq. (73), 55%—65%] and 1- or 2-naphthols [Eq. (74)]. 166 


TABLE IV. a,/)-Unsaturated Carbonyl Compounds from the Silylvanadate Isomerization 

of a-Acetylenic Alcohols” 


a-Acetylenic alcohol 

st./J-Unsaturated carbonyl compound 

Yield (%) 

Cis/irans 

A* 

OH 

x^ CHO 

95 

0.5 

>r 

OH 

V O 

92 


OH 

>x^V CHO 

92 


AA 

1 HO 

\ I CHO 

95 

0.84 to 1 

J HO 

V L CHO 

85 

1.2 to 1.4 

OH 

H 

85 

1.0 

H 

ot' 

CHO 

CT" 

93 


H 

ch ! 0 XJoh 

„ CHO 

CHjO 

CHjO 

87 



' Reference 140. 
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(78) 


Vanadyl trichloride has been found to be effective for intramolecular coupling of 
diphenolic. monophenolic, and nonphenolic 1.3-diarylpropanes [Eqs, (40), (76)—(78)]. 182 

The oxidation of 81 with K 3 [Fe(CN) 6 ] gives (± )-narwedine (82) in 1.4% yield. 178 The 
vanadyl chloride oxidation of 83 to 84 ( 24%) is a key step in a biogenetic type synthesis of 
the Amaryllidaceae alkaloid (± )-maritidine. 179 



Oxidative coupling of the norprotosinomine derivative 85 to dienone 86 (40%) occurs 
under controlled conditions with vanadyl fluoride. 187 Compound 86 is an important inter¬ 
mediate in the biosynthesis of erysodienone. 



The oxidative coupling of benzyltetrahydroisoquinolines (87) affords aporphines (88) in 
high yields. 186 




X COCF, 


(82) 
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Oxidation of 89 with VOC1, gives dienone 90 (35%). This reaction is of interest in the 
synthesis of Erythrina alkaloids. 181 



The oxidation of reticuline (91) with VOCl 3 gives isoboldine (92, 1%) and palladine 
(93, 0.3%). 180 



CHjO. 


CH, 


VOF, 


HO 


CH,0 



CH,0 


CH, + 


CH,0 



(84) 


Examples of vanadium catalyzed intramolecular coupling reactions of phenyl ethers are 
shown in Eqs. (85>—(90). 

Oxidation of 94 with vanadyl trifluoride gives 84, which is an intermediate in the 
preparation of a dipheno-2,2'-quinone (96). 188 


OR OR OR 

94 R = C ( ,H 5 CH, 95 

Naturally occurring bisbenzocyclooctadienes (lignans), of which the gomisins, kad- 
surins, schizandrins, and steganes are representatives, have a wide range of therapeutic 
activity, notably antileukaemic. 52 The intramolecular oxidation of the 1,4-diarylbutane 97 
with vanadyl trifluoride gave the cis-dimethyldibenzooctadiene 98. This reaction was used for 
the synthesis of a related lignan, (± )-deoxyschizandrin. Similar oxidative coupling reactions 
with thallium)III) compounds are discussed in Chapter 13. 52 




(85) 


96 



97 


OCHj 

98 
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Stiibene derivatives are oxidatively cyclized to phenanthrenes by vanadyl trifluoride at 
0°C. 53 ' 54 The yield from the VOF 3 cyclization is higher than the yield from the 
photocyclization reaction. 54 





(87) 


( 88 ) 



Oxidative cyclization is also useful in the phenanthioindolizidine alkaloids. Reduction of 
the carbonyl group in 106 to a methylene group affords (± )-tylophorine. 53 




(90) 


Although papaverine (107) gave the aryl-to-aryl intermolecularly coupled product 108 
(80%) with VOFj, 55 (± )-laudanosine 109 and (± )-/V-formylnorlaudanosine 110 gave the 
respective intramolecular cyclization products 111 and 112 (cf. Scheme I). 55 



107 R = H 

108 R = 6'-papaveryl 




110 R=CHO 


112 R = CHO 
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A difference in the coupling properties of VOCl 3 and VOF 3 is seen in the comparison of 
Eq. (83) and (91). 



3.6. Carbonyl Compounds 

The sodium chlorate oxidation of furfural to E-2-butenedioic acid (5, 74%-78%) is 
catalyzed by V 2 O s . 244245 2-Furoic acid is a possible intermediate. 

H ^COjH 

+ NaC10 3 V '°' » N C=C (92) 

CHO H0 2 C" X H 

5 



Vanadium pentoxide in sulfuric acid oxidizes propanone to ethanoic and methanoic 
acids in quantitative yields. 212 

4-Methyl-3-penten-2-one (mesityl oxide) is oxidized by vanadium(V) to propanone and 
ethanoic acid. 48 

Cyclopentanone is quantitatively converted to methanoic and butane-1,4-dioic acids. 246 

Cyclohexanone is oxidized to hexane-1,6-dioic acid (adipic acid 95%, Eq. 36) by 
NH 4 V0 3 in sulfuric acid. 246 247 

2,5-Bis [2-carboxy-anilino]-l,4-benzoquinone (116), which is an intermediate in the 
preparation of linear tra/w-chinacridochinone, is prepared in 90% yield from the reaction of 
anthranilic acid, 1,4-benzoquinone, sodium chlorate, and ammonium vanadate 
[Eq. (113)]. 248 



3.7. Nitrogen Compounds 

Although it is expected that nitrogen containing functional groups will not be very sus¬ 
ceptible to vanadium oxidation in acidic media owing to protonation of the lone pair elec- 
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trons, vanadium(V) can oxidize aliphatic and aromatic amines. 69-249 Ethylenediamine 
tetraacetic acid (EDTA), which forms complexes with vanadium(V), is oxidized by 
vanadium(V). 250-252 Hydrazine and hydrazone derivatives are also easily oxidized by 
vanadium( V). 218-220 

Vanadium!V) catalyzes the hydrogen peroxide oxidation of primary amines possessing 
an a carbon hydrogen bond to oximes. 207-210 Since vanadium(II) chloride in THF is a con¬ 
venient reagent for deoximation (75%—90%), 233 one can easily prepare carbonyl compounds 
from primary amines or regenerate aldehydes and ketones from oximes with vanadium com¬ 
pounds. 


R H R R 

X C = N-OH *• VC ? ? > \-0 (94) 

/ \ H2O2 . 2. HjO* / 


R NH, R 


R 


Alkyl hydroperoxides in the presence of vanadium catalysis in hydrocarbon solvents at 
80-100°C selectively oxidize cyclohexylamine to cyclohexanone oxime, which is an inter¬ 
mediate for Nylon 6. 209-210 Cyclohexylhydroxylamine is the major product at 20-25°C. 


NH 2 


NHOH NOH 


+ ROOH 


Va(V) 


Va(V) 


(95) 


iY,iV-Dimethylaniline and diphenylamine react with vanadium tetrachloride to give 
jV.V.A'/V'-tetramethylbenzidine (52%) and A'.A'-diphenylbenzidine (43%), respectively. 166 
Under the same conditions, aniline was oxidized to an unidentified black product (“aniline 
black”?) and 2-methylquinoline failed to produce coupled products. 


CH 


3 CH, 
N 


+ VC1 4 


(CH 3 ) 2 N 


* V. 


-N(CH 3 


(96) 


A novel reaction of tertiary amines with organic hydroperoxides in the presence of 
vanadium compounds give excellent yields of amine oxides. 213-215 A comparison of vanadium 


TABLE V. Amine Oxides from the Vanadium-Catalyzed /-Butyl Hydroperoxide Oxidation 

of Tertiary Amines" 


3° Amine 

Catalyst 

Hydroperoxide 

Yield (%) 
R,NO 

A'.A-Dimelhyldodecylamine 

VO(acac) 2 

/-BuOOH 

86 


V(acac) 3 

/-BuOOH 

81 


VOSO, 

/-BuOOH 

82 


VCI, 

/-BuOOH 

88 


v 2 o 3 

/-BuOOH 

92 


v 2 o 5 

/-BuOOH 

96 

Tri-n-butyiamine 

VO(acac) 2 

Amylene 

91 

Triethylamine 

VO(acac) 2 

/-BuOOH 

100 

1 -Dimethylamino-2-propanol 

VO(acac) 2 

/-BuOOH 

80 


* References 213. 214. 
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oxyacetylacetonate, vanadium trioxide, and V 2 0 5 showed for the oxidation of tertiary 
amines that organic soluble vanadium complexes are generally the preferred catalysts 
(Table V). 213 

(CH 3 CH 2 )jN-M-BuOOH + VO(acac) 2 -► (CH 3 CH 2 ) 3 N-O - (97) 

Nitroalkanes are converted to carbonyl compounds by the reaction of vanadium!II) 
chloride in dimethylformamide at pH 0.3 215 or by reaction of the nitronate salt with t- 
BuOOH in the presence of VO(acac) 2 catalyst. 216 In contrast to the acidic conditions of the 
Nef reaction or the VC1, procedure, the VO(acac), reaction permits the conversion of acid 
sensitive nitroalkanes to carbonyl compounds. If properly developed, both methods will 
prove to be as synthetically valuable as the permanganate ion oxidation of nitro 
compounds. 254-259 



no 2 o 

90% 

The vanadium(V) catalyzed sodium chlorate oxidation of 2-aminophenol to 2-amino-3- 
phenoxazone (117) provides a tensammetric method for the determination of 
vanadium. 192-260 


OH 


NH 2 


Vaf V> 
NaCIO, 



( 100 ) 


3.8. Sulfur Compounds 


3.8.1. Thiols 

Like other heavy metal ions, vanadium) V) reacts with thiols to give the corresponding 
disulfides [Eqs. (49)-(52)]. 221-222 A deep blue-black solution of vanadium(V) and 8- 
hydroxyquinoline (oxine) reacts with thiols to give a color change via green to lemon 
yellow. 261-262 

The oxidation of thiols with tert -butyl hydroperoxide in the presence of Va(V) produces 
sulfonic acids, presumably via the corresponding sulfenic and sulfinic acids as 
intermediates. 263 


O 


O 


R-SH Vll(Y - i -> R-S-OH-► R-S-OH-► R-S-OH (101) 

f-BuOOH i| 


o 
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3.8.2. Sulfides and Sulfoxides 

Sulfides are generally oxidized faster than olefins, and unsaturated sulfides are selectively 
oxidized at the sulfur atom. In alcohol solvent, hydrogen peroxide is 100 times more effective 
than /-butyl hydroperoxide for the vanadium catalyzed oxidation of sulfides to 
sulfoxides. 226 ' 227 

Sulfides are oxidized to the corresponding sulfoxides with alkyl hydroperoxides or 
hydrogen peroxide in the presence of vanadium(V) catalysts. 264-270 The high rates of 
oxidation and virtually quantitative yields obtained under mild conditions demonstrate the 
synthetic utility of the vanadium catalyzed oxidation of sulfides to sulfoxides. For example, 
the oxidation of 4-chlorophenyl methyl sulfide and of a series of phenyl substituted aryl 
methyl sulfides with hydrogen peroxide in the presence of catalytic amounts of bis- 
acetylacetonatooxovanadium(IV) [VO(acac) 2 ] in ethanol at 25°C affords the corresponding 
sulfoxides in quantitative yield. 226 Comparison with the vanadium catalyzed oxidation of sul¬ 
fides by ferz-butyl hydroperoxide shows that the Va(V)-H ; 0 ; system is more effective than 
the Va(V)-/-BuOOH system. 226 

O O 

II II 

Ar-S-R-► Ar-S-R-► Ar-S-R (102) 

O 


The reactive rates for oxidation by VO(acac)-,-/-BuOOH of di-n-butyl sulfide, butyl 
phenyl sulfide, di-n-butyl sulfoxide, and cyclohexene are 100, 58, 1.7, and 0.2, respectively. 228 

Milas reagent, which is a mixture of V 2 0 5 , H ; 0 2 , and /-BuOH. oxidizes a- 
chlorosuifides, 265 sulfides, and thiirans 265 in the presence of disulfides 266,267 and vinyl 
sulfides. 268 


O 


C !2 H 25 -S-CH 2 C1 c 12 h 25 -s-ch 2 ci 


o 


(CH 3 ) 3 C-S-CH = CHCH 3 (CH 3 ) 3 C-S-CH = CHCH 3 


s 


CHiOH 


o 

I 

s 

CH-.OH 


(103) 


(104) 


(105) 


A chiral vanadate ester [VO(OR) 3 ] has been postulated as the catalytic species respon¬ 
sible for the asymmetric oxidation observed when an unsymmetricai sulfide was reacted with 
VO(acac) 2 -/-BuOOH in a mixture of benzene and a chiral alcohol. 233 Although asymmetric 
induction was observed, enantiomeric excesses were low (5%—10%). 

1,2,4-Trithiolane (118) is selectively oxidized to the antibacterial natural product 119 
with V 2 0 5 -H 2 0 2 in /-BuOH-THF at -30°C. 266-270 


s-\. 

i S 
S'-' 

118 


S-\ 


S-y 

119 


s=o 


(106) 


Sulfoxides can be oxidized by equimolar amounts of organic hydroperoxides to sulfones 
in almost quantitative yields. For example, oxidation of dimethyl sulfoxide with cumyl a- 
hydroperoxide in the presence of vanadium pentoxide gives dimethyl sulfone (91 %). 271,272 



Oxidation by Vanadium Compounds 


29 


O O 

II II 

CHj-S-CH,-► CH j —S —CH 3 (107) 


O 

Vanadium oxychloride oxidizes diethyl sulfide to S-ethyl ethanesulfonothioate in 40% yield 
[Eq. (108 )]. 273 


O 

CH 3 CH 3 -S-CH 2 CH 3 VO S ' " . CH 3 CH : -S-S-CH 2 CH 3 + S (108) 


o 

Unsaturated sulfides such as allyl /i-butyl sulfide or dialkyl sulfide can be oxidized selec¬ 
tively to the corresponding unsaturated sulfone via the respective sulfoxides.' 71 Organic 
hydroperoxides in the presence of molybdovanadic acid catalyst oxidize sulfides to sulfoxides 
below 55°C or to sulfones above 55°C. 274 

0-Hydroxy sulfoxides, which are synthetically useful intermediates, are prepared by 
adding a catalytic amount of V 2 O s or VOfacac) 2 to a reaction mixture of olefin and 
thiophenol [Eq. (113)]. 275 


OH O 

. v „ I 11 

R —CH = CH, + Ar —SH —£—► R-CHCH, —S —Ar —^ R-CH-CH,-S-Ar (109) 

I 

OOH 


3.8.3. Disulfides 

The hydrogen peroxide-vanadium pentoxide reagent may be used to oxidize disulfides 
to thiosuifinates and/or thiosulfonates. 265 Vanadium oxychloride in the presence of oxygen 
converts diethyl disulfide to the thiosulfonate in 85% yield [Eq. (110); cf. Eq. (108)]. 273 


O 

o, » 

CH 3 CH,-S-S-CHXH 3 . CH 3 CH,-S-S-CH 2 CH 3 (110) 


o 


4. EXPERIMENTAL CONSIDERATIONS AND PROCEDURES 


4.1. General Considerations 


Covalent vanadium(V) compounds, especially the oxychloride, are highly toxic when 
they are absorbed through the skin and when the vapors are inhaled. 9 ' 31 


4.2. General Procedures and Typical Detailed Procedures 


4.2.1. Epoxidation of Carbon-Carbon Double Bonds 

Oxidation of E-Geraniol and its 2,2-Epoxide (62) by the Vanadyl Acetylacetonate 
Catalyzed tert-Butyl Hydroperoxide Epoxidation Procedure [Eq. (63)}. ni To a solution of E- 
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geraniol (61, 20 g, 0.129 mol) and of vandyl acetylacetonate (0.5 g, 1.8 mmol) in 150 ml of 
refluxing benzene is added dropwise over a period of 20 min rerr-butyl hydroperoxide 
(17.6 g, 0.142 mol). The initially colorless solution turns bright green upon addition of 
VO(acac) ; . The color fades as the reflux temperature is approached and then turns deep red 
as /-BuOOH is added. The deep red color turns to yellow and then to light green as the reac¬ 
tion goes to completion over a 4-h period. The organic phase is washed with aqueous 
bisulfite and then concentrated to give the epoxy alcohol 62 in 98% yield. Since this alcohol 
decomposed upon attempted distillation, it was acetylated in situ in order to facilitate 
isolation of the pure product. 123 


4.2.2. Oxidation of Alcohols 

Oxidation of Cyclobutanol to 4-Hydroxybutanal by Ammonium Metavanadate. A Typical 
Procedure . 133 136 A solution of 0.07985 g (0.680 mmol) of NH 4 V0 3 , 0.0224 g (0.3114 mmol) 


uf 


OH 


O 

I 


HOCH 2 -CH 2 CH 2 -C-H 


( 111 ) 


of cyclobutanol, and 1 ml of 5 M H 2 S0 4 were diluted with H 2 0 to 5 ml and allowed to 
react at 20-24°C in the dark. After completion of the reaction, the solution was allowed to 
react overnight with a slight excess of a solution of 2,4-dinitrophenylhydrazine. The 
precipitate (4-hydroxybutanal 2,4-dinitrophenylhydrazone) was collected, washed, dried, and 
weighed. The aqueous layer was extracted three times with CH 2 C1 2 , which was then 
neutralized, dried, and evaporated. The 2,4-DNP and residue were analyzed by TLC (ether- 
benzene, 3:1). 

Preparation of Triphenylsilanol (120).'*° Silicon tetrachloride (57 ml) and ether 
(4 liters) in dried apparatus under nitrogen were stirred vigorously at 3-5°C, and freshly 

SiCl 4 + C 6 H 5 Li-► (C 6 H 5 ) 3 SiOH (112) 

120 

prepared phenyllithium (126 g in 600 ml of ether) was added over 2.5-3 h. The mixture was 
stirred overnight at 20-24°C and hydrolyzed below 25 °C by the addition of 2 liters of H 2 0. 
After neutralization to phenolphthalein with aqueous ammonia (ca. 50 ml of 37%), 
separation of the ether layer, and two more extractions with ether (500 ml), the combined 
ether solutions were dried (Na 2 S0 4 ) and decolorized by stirring with charcoal (4 g Darco 
G 60) for 5 min. The filtered solution was evaporated and the residue dissolved in boiling 
ligroin (bp 80-105°C, 2.5 liters). Slow cooling to 25°C and refrigeration at 5°C gave white 
crystals, which were filtered, washed with petroleum ether (bp 40-45°C, 200 ml) in several 
portions, and dried at 60°C and 20 Torr. The crystals of 120 (124 g, 90%) melted at 153°C. 

Preparation of Tris(triphenylsilyl)vanadate( V) (T21j. 140 Vanadium pentoxide (22.2 g), 
120 (165.8 g), 1-butanol (44.5 g), and 1,4-dimethylbenzene (700 ml) were refluxed for 7 h. 

(C 6 H 5 )j SiOH + V 2 0 5 -. [(C 6 H 5 )j SiO] 3 V =0 (113) 

120 121 

The water was continuously removed with a Dean-Stark apparatus. Black material (6 g) was 
filtered off, washed with boiling xylene (5x25 ml), and dried. The combined filtrates were 
allowed to cool, the crystals filtered off, washed with xylene (2x25 ml) and hexane 
(2 x 50 ml), and dried to give 138.5 g (77.2%) of 121 , mp 225-227°C. A second crop (24.8 g, 
13.8%) of 121 was obtained by concentrating the 1,4-dimethylbenzene mother liquors. 
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Compound 121 can also be prepared from 120 and vanadium oxychloride. 140 

Rearrangement of 3,7,11,15-tetramethylhexadeca-6,10,14-trien-1 -yn-3-ol (122) to Ger- 
anylcitral (123) with 121 (Table IV). 1 * 0 Benzoic acid (0.5 g), 121 (6.5 g), and ger- 
anyidehydroiinalool (122. 75 g) in xylene (500 ml) were boiled under reflux for 45 min. The 
solvent was removed under reduced pressure and the residue extracted with hexane (400 ml) 
to leave unchanged 122 (5.6 g, mp 223-226°C). The hexane was evaporated and the residue 
(123, 77.9°C) was distilled to obtain pure 123 (55%, bp 145-149°C at 0.25 Torr). 


122 


OH 




CHO 


123 


(114) 


4.2.3. Intramolecular Oxidative Coupling of Phenols 

Intramolecular Oxidative Coupling of ( ±)-N-trifluoroacetylnorcodamine ($7) to ( ±)-N- 
trifluoroacetylwilsonirine (887 and morphmandienonef 124). 189 In a typical procedure 1 mmol 
of 87 [0.05 M in CH,C1, containing 20% TFA-TFAA (20:1 by weight)] was treated with 
2.5 molar equivalent of VOF 3 dissolved in a minimum volume of a 1:1 solution of ethyl 
acetate and TFA-TFAA (20:1 by weight) at -10°C for 10 min. Aqueous workup gave 88 
(70%, mp 196.5-196°C) and 124 (8%, mp 179.4-181.5). 



(115) 


4.2.4. Oxidation of Nitrogen Compounds 

Vanadium Catalyzed Oxidation of N,N-Dimethydodecylamine (125) to N.N- 
Dimethvldodecvlamine N-oxide (126)." I3 Procedure A. A solution of 21 g (0.1 mol) of prac¬ 
tical grade /V.A-dimethyldodecyiamine (125), 4.6 g (0.05 mol) of r-butyl hydroperoxide 
(94% purity), 0.05 g of vanadium oxyacetylacetonate. and 27 g of r-butyl alcohol was added 

O" 

I 

CHj-N-(CH,)9CH,-► CH,-N + -(CH 2 ) 9 CH 3 (116) 


CH 3 


CH, 


125 


126 
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to a round-bottom flask equipped with a thermometer and reflux condenser. The reaction 
was refluxed at 90°C for 15 min and cooled. The hydroperoxide was determined by 
iodometric titration. There was complete conversion of the hydroperoxide. The amine oxide 
was determined by standard hydrochloric acid titration after reaction of the excess amine 
with methyl iodide. The titration analysis showed an 86% yield of amine oxide. The titration 
was confirmed by NMR analysis. For the NMR analysis, dichloromethane was used as an 
internal standard and TMS as the reference compound. The methyl groups on the nitrogen 
of the amine and the oxide appeared at x 7.87 and 6.8. The amine oxide was isolated by flash 
evaporating of the solvent, dissolving the residue in ether, and extracting the amine oxide 
into water. The water was flash evaporated. The resulting gel was dissolved in a minimum of 
acetone and cooled. This yielded 6.3 g (57% yield) of crystals, mp 120-122°C. Alternatively, 
30 ml of pentane was added to the residue after flash evaporation of the solvent. This 
precipitated the amine oxide (126) (6.4 g, 58% yield), mp 120-124°C. 

Procedure B. A solution of 21 g (0.1 mol) of practical grade A.iV-dimethyldodecylamine 
(125), 9.2 g (0.1 mol) of r-butyl hydroperoxide (94% purity), 0.05 g of vanadium 
oxyacetylacetonate, and 27 g of r-butyl alcohol was treated as above. The hydrochloric 
acid-methyl iodide titration showed a 97% yield of amine oxide. The solvent was flash 
evaporated and gave 20 g of solid, mp 123-125°C. The solid was triturated with 50 ml of 
pentane, filtered, and dried under vacuum. This yielded 17.7 g (80% yield) of anhydrous 
amine oxide (126), mp 128-130X. The infrared and ‘H NMR spectra were identical with 
those of an authentic sample. 

Mild Oxidative Nitro to Carbonyl Conversion—General Procedure. 2 '* A mixture of 
1 mmol of the nitro compound and 1.1 equivalents of r-BuOK. in 2 ml of benzene are stirred 
for 15 min at 20-25"C. A solution of 0.3 ml of 90% r-BuOOH. 3.5 mg of VO(acac),, and 
0.7 ml of benzene is added over a 15-min period. After 20 min the mixture is diluted with 
diethyl ether, washed with water and brine, dried, and concentrated under reduced pressure 
to give a product which is further purified as appropriate. 

>%_—>0 ( 117 ) 


4.2.5. Oxidation of Sulfur Compounds 

4.2.5a. Synthesis of ft-Hydroxy sulfoxides. Preparation of 2-Hydroxy pentyl p-Tolyl Sul¬ 
foxide by Cooxidation of tx-Olefins and Arenethiols with Oxygen in the Presence of Vanadium 
Pentoxide. 21i A solution of p-toluenethiol (l.OOg, 8.05 mmol) and 1-pentene (1.29 g, 
18.4 mmol) in 200 ml of hexane-ethyl acetate (4:1) was stirred in a 500-ml flask under the 
atmosphere of oxygen and the irradiation of a black-light fluorescent lamp overnight. Then 
the solution was stirred with ca. 30 mg of V 2 O s for 5 h. The solvent was removed under 
vacuum to give an oil, which was chromatographed with benzene. The elution with ben¬ 
zene-ethyl acetate (8:2) furnished 1.23 g (67%) of 2-hydroxypentyl p-tolyl sulfoxide. The 
product crystallized on standing and was recrystallized from benzene-hexane. 

O OH 

CH,CH 2 CH 2 CH = CH 2 ‘-ffi - g T 1 * CH,-Q-S-CH 2 -CHCH 2 CH 2 CH 3 (118) 


4.2.5b. Oxidation of Sulfides. Oxidation of 4-Chlorophenvl Methyl Sulfide (121) to 4- 
Chlorophenyl Methyl Sulfoxide (1287 with Hydrogen Peroxide in the Presence of Catalytic 
Amounts of BisacetvlacelacetonatooxovanadiumfIV) [acac) 2 ]. 226 In a typical experiment, 226 
128 (0.67 g, 4.25 mmol) and VO(acac) 2 (0.056 mmol) were dissolved in absolute ethanol 
under dry nitrogen. To this solution. 5 ml of an ethanoiic solution containing H 2 0 2 
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(4.23 mmol) was added and the resulting mixture kept at 25 °C for 1 h. After removal of most 
of the solvent in vacuo , the residue was treated with warm n-hexane and filtered. The filtrate 
was chromatographed (silica gel) eluting with n-hexane-chloroform. Sulfoxide 128 (0.65 g, 
3.95 mmol, — 93 %) was isolated. The product was further purified by recrystallization from 
benzene, mesitylene. or xylene. 


O 

II 

4 —CIC 6 H 4 —S—CH 3 -► 4 —C1C 6 H 4 — S —CHj (119) 


127 128 

Oxidation of Thiiran to Thiiran I-Oxide by Hydrogen Peroxide-Vanadium Pentoxide 
Reagent. 265 To a stirred solution of thiiran (18 g) in /-BuOH (180 ml) at 20°C was added' 
portionwise the hydrogen peroxide-r-butyl alcohol reagent (170 ml, 6%) containing 
vanadium pentoxide (0.35 g). After addition the mixture was stirred for a further 30 min, and 
then /-BuOH was removed under reduced pressure. The residue was dissolved in chloroform 
(100 ml) and the resulting solution, after decolonization with charcoal, was distilled. The 
fraction (13.4 g) boiling between 35 and 38°C at 5 mm consisted of pure thiiran 1-oxide. 

O 

A—»A (120) 


REFERENCES 

1. F. J. C. Rosotti and H. Rossetti, Acta Chem. Scand. 10, 957 (1956). 

2. N. Ingri and F. Brito, Acta Chem. Scand. 13, 1971 (1959). 

3a. J. Meier and G. Schwarzenbach, Chimia (Aaaraul 12, 328 (1958). 

3b. G. Schwarzenbach and G. Geier, Hclv. Chim. Acta. 46, 906 (1963). 

4. R. N. Mehrota, J. Chem. Soc. B 1968, 642. 

5. L. P. Ducret, Ann. Chim. (Paris) 6, 705 (1951). 

6. H. C. Mishra and M. C. R. Symons, J. Chem. Soc. 1962, 4411. 

7. M. J. LaSalle and J. W. Cobble, J. Phys. Chem. 59, 519 (1955). 

8. W. M. Latimer, Oxidation Potentials. 2nd ed., Prentice Hall, Englewood Cliffs, New Jersey, 1952. 

9. R. J. H. Clark, in Comprehensive Organometallic Chemistry, G. Wilkinson, Ed., Pergamon Press. 
New York. 1981, Vol. 3. p. 491. 

10. M. A. Habayeb and O. E. Hileman. Jr., Can. J. Chem. 58, 2255 (1980). 

11. G. W. Parshall, Homogeneous Catalysis. Wiley-lnterscience, New York, 1980. 

12. P. N. Rylander. Organic Syntheses with Noble Metal Catalysts, Academic, New York, 1973. 

13. F. G. A. Stone and R. West, in Advances in Organometallic Chemistry, Vol. 17, Catalyses and 
Organic Syntheses, Academic, New York, 1979. 

14. R. A. Sheldon and J. K. Kochi, Metal-Catalyzed Oxidations of Organic Compounds, Academic. New 
York, 1981. 

15. D. J. Hucknall, Selective Oxidation of Hydrocarbons, Academic. New York, 1974. 

16. Catalytica Associates, Inc., Selective Catalytic Oxidation of Hydrocarbons, A Critical Analysis, Mul- 
ticiient Study No. 1077, October, 1979, Santa Clara, California. 

17. F. R. Mayo, ed.. Oxidation of Organic Compounds. Vols. I, II. Ill, Adv. Chem. Series, 75, 76, 77, 
American Chemical Society, Washington, D.C., 1968. 

18. B. J. Luberoff, ed.. Homogeneous Catalysis. Adv. Chem. Series, 70, American Chemical Society, 
Washington, D.C., 1968. 

19. E. K. Fields, ed.. Selective Oxidation Process. Adv. Chem. Series, 51, American Chemical Society. 
Washington, D.C., 1965. 

20. C. H. Bamford and C. H. Tipper, eds.. Comprehensive Chemical Kinetics, Section 6: Oxidation and 
Combustion Reactions. Vol. 16, Liquid Phase Oxidations, Elsevier. Amsterdam. 1980. 



34 


Fillmore Freeman 


21. J. P. Collman and L. S. Hegedus, Principles and Applications of Organotransition Metal Chemistry, 
University Science Books, Mill Valley, California. 1980. 

22. G. L. GeofTroy and M. S. Wrighton, Organometallic Photochemistry. Academic Press, New York, 
1979. 

23. A. Muller and E. Dieman, Transition Metal Chemistry. Proceeding of a workshop held at Bielefeld. 
Germany, July 14-17, 1980, Verlag Chemie, Deerfield Beach. Florida, 1981. 

24. D. G. Lee, The Oxidation of Organic Compounds by Permanganate Ion and Hexavalent Chromium, 
Open Court. La Salle, Illinois, 1980. 

25. K. B. Wiberg, Oxidation of Organic Chemistry, K. B. Wiberg, Ed., Part A, Academic. New York. 
1965. 

26. D. Benson, Mechanisms of Oxidation by Metal Ions, Elsevier, Amsterdam. 1976, p. 149. 

27. R. L. Augustine, Oxidation: Techniques and Applications in Organic Synthesis, Dekker, New York, 
1969. 

28. W. A. Waters, Mechanisms of Oxidation of Organic Compounds, Mathuen, London, (1964). 

29. T. A. Turney, Oxidation Mechanisms, Butterworths, Washington, D.C., 1955. 

30. L. J. Chinn, Selection of Oxidants in Synthesis, Dekker, New York, 1971. 

31. W. A. Waters and J. S. Littler, in Oxidation in Organic Chemistry, K. B. Wilberg, Ed., part A, 
Academic, New York, 1965, p. 185. 

32. F. Freeman. Rev. React. Species Chem. React. 1, 37 (1973). 

33. F. Freeman, Rev. Reac. Species Chem. React. 1, 179 (1976). 

34. R. Stewart, Oxidation Mechanisms: Applications to Organic Chemistry, Benjamin, New York, 1964. 

35. Houben Weyl, Methoden der Organische Chemie, Vol. 4/76, Oxidation, Georg Thieme, Stuttgart, 

1975. 

36. J. K. Kochi. Organometallic Mechanisms and Catalysis, Academic. New York, 1978. 

37. H. Alper. Transition Metal Organometallics in Organic Syntheses, Vol. I. Academic, New York, 

1976. 

38. Catalysis in Organic Syntheses, 1976, P. N. Rylander and H. Greenfield, Eds. Academic. New York, 
1976. 

39. H. Alper, Transition Metal Organometallics in Organic Syntheses, Vol. II, Academic, New York, 
1976. 

40. D. S. Matteson, Organometallic Realion Mechanisms, Academic, New York, 1974. 

41. D. E. Webster, Adv. Organomet. Chem. 15, 147 (1977). 

42. J. T. Groves, in Catalysis of Organic Reactions, W. R. Moser, Ed., Dekker, New York, 1981, 
pp. 131-138. 

43. H. Pine, The Chemistry of Catalytic Hydrocarbon Conversions, Academic, New York, 1981, 
Chap. 5. 

44. B. S. Trovrog, F. Mares, and S. E. Diamond, in Catalysis of Organic Reactions, W. R. Moser, Ed., 
Dekker, New York, 1981, pp. 139-148. 

45. N. J. Mruk, U.S. Patent No. 3,775,473 (1973); Chem. Abstr. 80, 26957u (1974). 

46. T. Dumas and W. Bulani, Oxidation of Petrochemicals: Chemistry and Technology, Applied Science. 
London, 1974, pp. 53-64. 

47. N. Somasundaram, S. Soundarajan. and T. V. Subramanian, Chem. Petro-Chem. J. 10, 24 (1979); 
Chem. Abstr. 93. 49406w (1980). 

48. J. R. Jones, thesis. University of Oxford, England, 1959. 

49. N. Somasundaram, T. V. Subramanian, and B. Jegannadhajamy, Chem. Petro-Chem. J. 12, 5 
(1981); Chem. Abstr. 94, 177198n (1981). 

50. M. Sittiz, Aromatic Hydrocarbons, Manufacture and Technology, Chem. Tech. Rev., No. 56, Noyes 
Data Corp. Park Ridge. New Jersey, 1976. 

51. H. W. Underwood and W. L. Walsh, Org. Synth.. Coll. Vol. 11 553 (1943). 

52. T. Biftu, B. G. Hazra. and R. Stevenson. J. Chem. Soc. Chem. Commun. 1978, 491. 

53. A. J. Liepa and R. E. Suammons, J. Chem. Soc. Chem. Commun. 1978, 491. 

54. R. B. Herbert and C. J. Moody, J. Chem. Soc. Chem. Commun. 1970, 121. 

55. S. M. Kupchan. A. J. Liepa, V. Kameswaran, and R. F. Bryan, J. Am. Chem. Soc. 95. 6861 (1973). 

56. J. Kollar, U.S. Patent No. 3, 360, 584 (1967). 

57. D. J. Hadley. U.S. Patent No. 2, 846, 462 (1958). 

58. A. Farkas and R. Rosenthal, U.S. 2, 833, 807 (1958). 

59. J. P. O’Donnell, R. M. Bueler, and L. B. Simpson, U.S. 3, 462, 476 (1969). 

60. M. C. Sze and A. P. Gelbein, Hydrocarbon Process. 55, 103 (1976). 



Oxidation by Vanadium Compounds 


35 


61. D. J. Hadley, U.S. Patent No. 2.839,535 (1958). 

62. J. L. Callahan. R. K. Grasselli. E. C. Milberger, and H. A. Strecker. Ind. Eng, Chem. Prod. Rsch. 
Dev. 9. 134 (1970). 

63. J. R. Budge, B. M. K. Gatehouse. M. C. Nesbit, and B. O. West, J. Chem. Soc. Chem. Commun. 
1981, 370. 

64. W. A. Nugent and R. L. Harlow, J. Am. Chem. Soc. 102, 1760 (1980). 

65. F. Porter, M. Erchak, and J. N. Cosby, U.S. Patent No. 2,510,605 (1950). 

66. A. A. Beg and I. Ahmad, J. Org. Chem. 42, 1590 (1977). 

67. H. Remy, Treatise in Inorganic Chemistry. Vol. II. Elsevier, Amsterdam, 1956, p. 100. 

68. P. Flood, T. J. Lewis, and D. H. Richards. J. Chem. Soc. 1963. 5024. 

69. J. S. Littler, D. Phil, thesis. University of Oxford. England, I960. 

70. G. Gut and W. Lindenmann. Chimica 22, 307 (1968). 

71. G. Gut, R. V. Falkenstein, and A. Guer, Chimica 19. 581 (1965). 

72. Y. Ogata, in Oxidation in Organic Chemistry, Part C, W. S. Trahanovsky, Ed., Academic, New 
York, 1978, p. 295. 

73. J. F. Franz, J. F. Herber. and W. S. Knowles, J. Org. Chem. 30, 1488 (1965). 

74. J. F. Franz, J. F. Herber, and W. S. Knowles. Chem. Ind. (London) 1961, 250. 

75. E. D. Wilhart, U.S. Patent No. 3,461,160 (1969). 

76. A. B. Evin. J. A. Rabo, and P. H. Kasai, J. Catal. 30, 109 (1973). 

77. J. L. Seoane, P. Boutry, and R. Montarnal, J. Catal. 63. 182, (1980). 

78. J. L. Seoane. P. Boutry, and R. Montarnal, J. Catal. 63. 191 (1980). 

79. J. P. Schirmann and S. T. Delavarenne, “Hydrogen Peroxide in Organic Chemistry," Informations 
Chimie, Paris. 1979. 

80. J. A. Connors and E. A. V. Ebsworth, Adv. Inorg. Chem. Radiochem. 6, 279 (1964). 

81. N. A. Milas and S. Sussman, J. Am. Chem. Soc. 58, 1302 (1936). 

82. N. A. Milas, J. Am. Chem. Soc. 59, 2342 (1937). 

83. M. Mugdan and D. P. Young, J. Chem. Soc. 1949, 2988. 

84. F. Freeman, Chem. Rev. 75, 439 (1975) and references cited therein. 

85a. F. Freeman and C. N. Angeletakis, J. Am. Chem. Soc. 103, 6232 (1981). 

85b. F. Freeman and C. N. Angeletakis, J. Org. Chem. 47. 3403 (1982). 

85c. F. Freeman and C. N. Angeletakis, J. Am. Chem. Soc. 104, 5766 (1982). 

86. M. Kobayashi, S. Kurozumi, T. Toru, and S. Ishimoto, Chem. Lett. 1341 (1976). 

87a. E. D. Mihelich, Tetrahedron Lett. 4729 (1979). 

87b. E. D. Mihelich. K. Daniels, and D. J. EickhofT. J. Am. Chem. Soc. 103. 7690 (1981). 

88. G. B. Payne and C. W. Smith. J. Org. Chem. 22. 1682 (1957). 

89. G. B. Payne and P. H. Williams. J. Org. Chem. 24. 54 (1959). 

90. T. M. Shryne and L. Kim, U.S. Patent No. 4.024,165 (1977). 

91. Z. Raciszewski, J. Am. Chem. Soc. 82, 1267 (1960). 

92. H. C. Stevens and A. J. Kaman, J. Am. Chem. Soc. 87. 734 (1965). 

93. J. Itakura. H. Tanaka, and H. Ito, Bull. Chem. Soc. Jpn. 42, 1604 (1969). 

94. R. A. Sheldon. J. Mol. Catal. 7, 107 (1980). 

95. M. Pralus, J. C. Lecoq, and J. P. Schirmann. in Fundamental Research in Homogeneous Catalysis, 
M. Tsutsui, Ed., Plenum Press. New York, 1979, Vol. 3, p. 327. 

96. A. M. Matucci, E. Perrotti, and A. Santambrogio, J. Chem. Commun. 1970, 1198. 

97. J. Koilar, U.S. Patent No. 3.360,422 (1967); U.S. Patent No. 3.351,635 (1967). 

98. N. Indicator and W. F. Brill, J. Org. Chem. 30. 2074 (1965). 

99. H. Mimoun, I. Seree de Roch, and L. Sajus, Tetrahedron 26, 37 (1970). 

100. R. A. Sheldon and J. A. van Doom, J. Catal, 31, 427. 438 (1973). 

101. R. A. Sheldon. Reel. Trav. Cltim. Pays-Bas 92, 253. 367 (1973). 

102. E. D. Mihelich, private communication. 

103. A. D. Chang and K. B. Sharpless, J. Org. Chem. 42, 1587 (1977). 

104. H. Mimoun. J. Mol. Catal. 7, 1 (1980). 

105. R. Curci, F. DiFuria, J. O. Edwards, and G. Modena. Chim. Ind. (Milan) 60, 595 (1978); Chem. 
Abstr. 89. 214, 797 (1978). 

106. K. Kandea. K. Jitsukawa, T. Itoh, and S. Teranishi, J. Org. Chem. 45, 3004 (1980). 

107. J. E. Lyons. Adv. Chem. Ser. 132, 54 (1974). 

108. J. E. Lyons, in Ref. 38, p. 235. 

109. T. Itoh. K. Kaneda. and S. Teranishi, Bull. Chem. Soc. Jpn. 48. 1337 (1975). 



36 Fillmore Freeman 

110. J. E. Lyons. Tetrahedron Lett. 1974. 2737. 

111. K. Allison, P. Johnson. G. Foster, and M. B. Sparke, Ind. Eng. Chem. Prod. Res. Dev. 5, 166 
(1966). 

112. A. F. Noels, A. G. Hubert, and P. Teyssie. J. Organometal. Chem. 166. 79 (1979). 

113. T. Katsuki and K. B. Sharpless. J. Am. Chem. Soc. 102. 5974 (1980). 

114. H. Arakawa and A. Ozaki, Chem. Lett. 1975, 1245. 

115. M. N. Sheng and J. G. Zajacek, J. Org. Chem. 34, 1839 (1970). 

116. Y. Saito, Yuki Cosei Kagaku Kyokai Shi 26, 943 (1968). 

117. T. Yasui. Kogvo Kagaku Zasshi 72. 1615 (1969). 

118. H. B. Henbest and R. A. L. Wilson. J. Chem. Soc. 1957, 1958. 

119. R. A. Sheldon and J. K. Kochi, Adv. Catal. 25, 272 (1976). 

120. E. S. Gould, R. R. Hiatt, and K. C. Irwin, J. Am. Chem. Soc. 90, 4573 (1968). 

121. S. Tanaka. H. Yamamoto, H. Nozaki, K. B. Sharpless, R. C. Michaelson, and J. D. Cutting, J. Am. 
Chem. Soc. 96, 5254 (1974). 

122. S. Tanaka, A. Yasuda, H. Yamamoto, and H. Nozaki, J. Am. Chem. Soc. 97, 3252 (1975). 

123. K. B. Sharpless and R. C. Michaelson, J. Am. Chem. Soc. 95, 6136 (1973). 

124. R. C. Michaelson, R. E. Palermo, and K. B. Sharpless, J. Am. Chem. Soc. 99, 1990 (1977). 

125. S. Yamada, T. Mashiki, and S. Terashima. J. Am. Chem. Soc. 99, 1988 (1977). 

126. C. Dobler and E. Hoft, Z. Chem. 18, 218 (1978). 

127. M. N. Sheng and J. G. Zajacek, “Hydroperoxide Oxidations Catalyzed by Metals," in Oxidation of 
Organic Compounds: Vol. 2, F. R. Mayo, Ed., Adv. in Chem. Series. American Chemical Society, 
Washington, D.C., 1968, Vol. 76, p. 418. 

128. D. Metelitsa, Russ. Chem. Rev. 41, 807 (1972). 

129. M. Sheng and J. Zajacek, J. Org. Chem. 35, 418 (1970). 

130. J. S. Littler and W. A. Waters, J. Chem. Soc. 1964. 339. 

131. J. R. Jones and W. A. Waters, J. Chem. Soc. 1962, 2068. 

132a. J. S. Littler and W. A. Waters, J. Chem. Soc. 1959, 4046. 

132b. V. D. Luedecke. “Adipic Acid," in Encyclopedia of Chemical Processing and Design, J. J. 

McKetta and W. A. Cunningham, Eds., Vol. 2, Dekker, New York. 1977, pp. 128-146. 

132c. A. F. Lindsay, Chem. Eng. Sci. 3 (Special Supplement), 78 (1954). 

132d. G. W. Parshall, J. Mol. Catal. 4, 243 (1978). 

133. C. F. Wells and A. F. M. Nazer, J. Chem. Soc. Faraday Trans. 1. 72, 10 (1976). 

134. V. S. P. Rao, R. V. S. Murty, and K. S. Murty, Z. Phys. Chem. (Leipzig) 258, 7 (1977). 

135. J. Rocek and D. E. Aylward, J. Am. Chem. Soc. 97, 5452 (1975). 

136. J. Rocek and A. E. Radkowsky, J. Org. Chem. 38, 89 (1973). 

137. Kh. M. Minacheu, G. V. Antoshin, D. G. Klissurski, N. K. Guin, and N. Ts. Abadzhijava, React. 
Int. Catal. Lett. 10 , 163 (1979). 

138. J. R. Jones and W. A. Waters, J. Chem. Soc. 1960, 2772. 

139. J. R. Jones, W. A. Waters, and J. S. Littler, J. Chem. Soc. 1961, 630. 

140. H. Pauling, D. A. Andrews, and N. C. Hindley, Helv. Chim. Acta 59, 1233 (1976). 

141. K. H. Meyer and K. Schuster, Ber. deutsch. Chem. Ges. 55, 819 (1922). 

142. H. Rupe and E. Kambi, Helv. Chim. Acta 9, 672 (1926). 

143. S. Swaminathan and K. V. Narayanan. Chem. Rev. 71. 429 (1971). 

144. A. W. Johnson. The Chemistry of Acetylenic Compounds. Arnold & Co., London. 1946, Vol. I, 
pp. 127-130. 

145. F. G. Fischer and K. Lowenberg, Liebigs Ann. Chem. 475. 183 (1929). 

146. T. Takeshima, J. Am. Chem. Soc. 75, 3309 (1953). 

147. C. D. Hurd and R. E. Chaist. J. Am. Chem. Soc. 59, 118 (1937). 

148. D. M. West and D. A. Skoog, J. Am. Chem. Soc. 82, 280 (1960). 

149. J. S. Littler, A. I. Mallet, and W. A. Waters, J. Chem. Soc. 1960, 2761. 

150. J. S. Littler and W. A. Waters. J. Chem. Soc. 1960, 2767. 

151. R. N. Mehrotra, J. Chem. Soc. B 1970, 1722. 

152. R. N. Mehrotra, Indian J. Chem. 12, 365 (1974). 

153. R. N. Mehrotra, J. Chem. Soc. B 1968, 1123. 

154. S. C. Pali and M. Panda. Int. J. Chem. Kinet. 11 , 731 (1979). 

155. K. M. Haldorsen. Carbohydr. Res. 63, 61 (1978). 

156. R. P. Bhatnagar and A. G. Fadnis, J. Indian Chem. Soc. 55, 357 (1978). 

157. A. Kumar and R. N. Mehrotra, J. Org. Chem. 40, 1248 (1975). 

158. K. K. S. Gupta and N. S. Basu, Carbohydr. Res. 72, 139 (1979). 



Oxidation by Vanadium Compounds 


37 


159. R. P. Bhatnagar and A. G. Fadnis. J. Indian Chem. Soc. 53, 999 (1976). 

160. K. K. S. Gupta and N. S. Basu, Carbohydr. Res. 80. 223 (1980). 

161. P. N. Pathak. M. P. Singh, and B. L. B. Saxena. Proc. Nat. Acad. Sci. India. Sec. A 39. 185 (1969). 

162. K. M. Haldorsen. J. Chromatogr. 150. 485 (1978). 

163. P. Malangeau and M. Guernet, Carbohydr. Res. 24, 499 (1972). 

164. V. Bilik, Coll. Czech. Chem. Commun. 39, 1621 (1974). 

165. A. Kumar and R. N. Mehriotra, Ini. J. Chem. Kinet. 6. 15 (1974). 

166. W. L. Carrick, G. L. Karapinka, and G. T. Kwiatkowski, J. Org. Chem. 34, 2388 (1969). 

167. M. A. Schwartz, R. A. Holton, and S. W. Scott, J. Am. Chem. Soc. 91, 2800 (1969). 

168. P. D. McDonald and G. A. Hamilton, in Oxidation in Organic Chemistry, Part B, W. S. 
Trahanovsky, Ed., Academic, New York, 1973, p. 97. 

169. K. B. Yatsimirskii and G. S. Nikolou, Zh. Fiz. Khim. 44, 1129 (1970). 

170. P. S. Radhakrishnamurti and R. K. Panda. Indian J. Chem. 8, 946 (1970). 

171. J. F. Harrod and A. Pathak, Can. J. Chem. 58, 686 (1980). 

172. C. F. Wells and L. V. Kuritsyn, J. Chem. Soc. A 1970, 1372. 

173. E. Pelizzetti, E. Mentasti, and G. Saini, Gazz. Chim. Ital. 104, 1015 (1974). 

174. K. Kustin, C. Nicolini, and D. L. Toppen, J. Am. Chem. Soc. 96, 7416 (1974). 

175. E. Pelizzetti, E. Mentasti, and G. Saini, Gazz. Chim. Ital. 106, 605 (1976). 

176. G. G. Rao, V. B. Rao, and M. N. Sastri, Curr. Sci. (India), 18, 381 (1949); Chem. Abstr. 44, 2892 
(1950). 

177. M. Narasimhasastri, J. V. S. Ramanjaneyuiu, and G. G. Rao, Curr. Sci. (India) 18, 169 (1949); 
Chem. Abstr. 43, 7376 (1949). 

178. D. H. R. Barton and G. W. Kirby, J. Chem. Soc. 1962. 806. 

179. M. A. Schwartz and R. A. Holton, J. Am. Chem. Soc. 92, 1090 (1970). 

180. T. Kametani. A. Kozuka, and K. Fukumoto, J. Chem. Soc. C 1971. 1021. 

181. J. P. Marino and J. M. Samanen. Tetrahedron Lett. 1973, 4553. 

182. M. A. Schwartz, B. F. Rose, R. A. Holton, S. W. Scott, and B. Vishnuvajjala, J. Am. Chem. Soc. 99, 
2571 (1977). 

183. R. E. Damon. R. H. Schlessinger, and J. F. Blount, J. Org. Chem. 41, 3772 (1976). 

184. A. S. Kende and L. S. Liebeskind. J. Am. Chem. Soc. 98, 267 (1976). 

185. S. M. Kupchan, O. P. Dhingra, C.-K. Kim, and V. Kameswaran, J. Org. Chem. 41, 4047 (1976). 

186. S. M. Kupchan, O. P. Dhingra, and C.-K. Kim, J. Org. Chem. 41, 3772 (1976). 

187. S. M. Kupchan. C.-K. Kim, and J. T. Lynn, J. Chem. Soc. Chem. Commun. 1976, 86. 

188. F. R. Hew gill. Tetrahedron 34, 1595 (1978). 

189. S. M. Kupchan. O. P. Dhingra, and C.-K. Kim, J. Org. Chem. 40. 4049 (1976). 

190. J. H. Billman, B. Wolnak, and D. K. Barnes, J. Am. Chem. Soc. 66. 652 (1944). 

191a. S. N. Holter. U.S. Patent No. 3,708,509 (1971); Chem. Abstr. 78, 58055y (1973). 

191b. T. Nomura and G. Nakagawa, Talanla 24, 467 (1977). 

192. J. S. Littler, J. Chem. Soc. 1962, 832. 

193. C. Pillai, J. Rajaram, and J. C. Kuricose, Indian J. Chem. Sec. A 17A, (1979). 

194. G. S. S. Murty, B. Sethuram. and N. T. Rao, Indian J. Chem. 13. 849 (1975). 

195. P. S. Radhakrishnamurti and S. Devi. Indian J. Chem. Sec. A 14A, 399 (1976). 

196. G. C. Misra, B. K. Sinha. and G. B. Behera, J. Indian Chem. Soc. 52, 1053 (1975). 

197. M. S. Kelkar, R. Shanker, and G. V. Bakore, Indian J. Chem. 13, 1093 (1975). 

198. M. S. Kelkar, R. Shanker, and G. V. Bakore, Z. Naturforsch. B. Anorg. Chem. Org. Chem. 31B, 140 
(1976). 

199. J. C. Kuriacose. G. C. T. Pillai, and J. Rajaram, Curr. Sci. 46, 76 (1977). 

200. A. K. Sahu, B. K. Sinha, and G. B. Behera, Indian Chem. Soc. 52, 894 (1975). 

201. J. K. Selvara. V. P. Senthilnathan, and K. Ramalingam, Indian J. Chem. Sec. A 19A, 122 (1980). 

202. S. Singh, A. Sharma, B. K. Sinha, and G. B. Behera, Indian J. Chem. Sec. A 14A. 248 (1976). 

203. J. R. Jones and W. A. Waters, J. Chem. Soc. 1962. 1629. 

204. H. Funk, W. Weiss, and M. Zeising, Z. Anorg. Allg. Chem. 2%, 36 (1958). 

205. G. Gaudefroy, Ann. Pharm. Fro. 13, 51 (1955); Chem Abstr. 49, 10784 (1955). 

206. P. Burckard. J. P. Fleury, and F. Weiss, Bull. Soc. Chim. Fr. 1965, 2739. 

207. K. Kahr, Angew. Chem. 72, 135 (1960). 

208. O. L. Lebedeu and S. N. Kazarnowskii. Zh. Obshch. Khim. 30, 1631 (1960). 

209. G. N. Koshel, M. I. Farberov, L. L. Zalgyin, and G. A. Krushinskaya, J. Appl. Chem. USSR 44, 
885 (1971). 

210. J. L. Russell and J. Kollar. U.S. Patent No. 1,100,672 (1965); Chem. Abstr. 65. 8792 (1966). 



38 


Fillmore Freeman 


211. K. E. Yatsimirskii and G. S. Nikolov. Zh. Fiz. Khim. 44. 1400 (1970); Chem. Abstr. 73, 55422 
(1970). 

212. G. R. Howe and R. R. Hiatt, J. Org. Chem. 35, 4007 (1970). 

213. M. N. Sheng and J. G. Zajacek. J. Org. Chem. 33, 588 (1968). 

214. M. N. Sheng and J. G. Zajacek, Org. Synth. 50, 56 (1970). 

215. R, KirchhofT, Tetrahedron Lett. 1976. 2533. 

216. P. A. Bartlett, F. R. Greet III, and T. R. Webb, Tetrahedron Lett. 1977, 331. 

217. P. S. Radhakrishnamurti and S. Devi. Indian J. Chem. Sec. A 14A, 319 (1976). 

218. K. A. Ramaiah. M. S. Frank, B. G. Rao, and P. V. K. Rao, Indian J. Chem. Sec. A 18A, 416 (1979). 

219. K. V. P. Rao, K. A. Ramiah, and M. S. Frank. Indian J. Chem. Sec. A 16A. 415 (1979). 

220. K. V. P. Rao, K. A. Framiah, and M. S. Frank, React. Kinet. Catal. Lett. 13, 7 (1980). 

221. W. F. Pickering and A. McAuley. J. Chem. Soc. A 1968, 1173. 

222. F. B. Martinez and M. del Carmen Meijon Mourino, Inform. Quim. Anal. (Madrid) 16, 91 (1962); 
Chem. Abstr. 60, 13853 (1964). 

223. R. Curci, F. Di Furia, R. Testi, and G. Modena, J. Chem. Soc. Perkin Trans. 2 1974, 752. 

224. O. Bortolini, F. Di Furia, P. Scrimin, and G. Modena, J. Mol. Catal. 7, 59 (1980). 

225. O. Bortolini. F. Di Furia, G. Modena, and C. Scardellato, J. Mol. Catal. 11, 107 (1981). 

226. F. Di Furia and G. Modena, Reel. Trav. Chim. Pays-Bas 98, 181 (1979). 

227. F. DiFuria and G. Modena, in Fundamental Research in Homogeneous Catalysis. M. Tsutsui, Ed., 
Plenum, New York, 1979, Vol. 3, p. 433. 

228. R. Curci, F. DiFuria, R. Testi, and G. Modena, J. Chem. Soc. Perkin Trans. 2 1974, 752. 

229. O. Bortolini, F. DiFuria, and G. Modena. J. Am. Chem. Soc. 103, 3924 (1981). 

230. O. Bortolini, F. DiFuria, and G. Modena. J. Mol. Catal. 16, 61 (1982). 

231. F. DiFuria, G. Modena, R. Curci. and J. O. Edwards. Gazz. Chim. Ital. 109, 571 (1979). 

232. F. DiFuria and G. Modena, Gazz. Chem. Ital. 108. 639 (1978). 

233. F. DiFuria, G. Modena, and R. Curci. Tetrahedron Lett. 1976, 4637. 

234. O. Bortolini, F. DiFuria, G. Modena, and E. Scattolin, Nouv. J. Chim. 5, 537 (1981). 

235. O. Bortolini. F. DiFuria, G. Modena, and P. Scrimin, J. Mol. Catal. 9, 323 (1980). 

236. F. DiFuria, G. Modena, and R. Curci, J. Mol. Catal. 14, 219 (1982). 

237. S. Pattnaik, B. C. Singh, and P. L. Nayak, Proc. Indian Acad. Sci. Sec. A 81, 15 (1975). 

238. Z. Amjad and A. McAuley, Inorg. Chim. Acta 25, 127 (1977). 

239. H. Mimoun and I. Seree de Roch. Tetrahedron 31, 777 (1975). 

240. A. P. Kozikowski. R. J. Schmiesing, and K. L. Sorgi. Tetrahedron Lett. 22, 2059 (1981). 

241. T. Hiyama and M. Obayashi, Tetrahedron Lett. 24, 395 (1983). 

242. K. Kaneda, K. Jitsukawa, T. Itoh, and S. Teranishi, J. Org. Chem. 45, 3005 (1980). 

243. N. V. Kudrina and L. N. Kurina, Khim. Kinet. Katal. 186 (1979). 

244. N. A. Milas, Org. Synth. Coll. Vol. II, 302 (1943). 

245. N. A. Milas, J. Am. Chem. Soc. 49. 2007 (1927). 

246. J. S. Littler and W. A. Waters, J. Chem. Soc. 1959, 3014. 

247. Holand Patent No. 6,400,406 (1964). 

248. W. Braun and R. Meche, Chem. Ber. 99, 1991 (1966). 

249. J. S. Littler and W. A. Waters, J. Chem. Soc. 1959. 1299. 

250. G. Kakabadse and H. J. Wilson, Analyst 86, 402 (1961). 

251. R. E. Hanun and K. Schroeder, Inorg. Chem. 3, 391 (1964). 

252. D. A. S. Ravens, Trans. Faraday Soc. 55, 1968 (1959). 

253. G. A. Olah, M. Arvanaghi, and G. K. Suraya, Synthesis 1980, 220. 

254. H. Shechter and K. B. Kaplan, J. Am. Chem. Soc. 75, 3980 (1953). 

255. H. Shechter and F. T. Williams, Jr., J. Org. Chem. 27, 3699 (1962). 

256. F. Freeman and D. K. Lin, J. Org. Chem. 36, 1335 (1971). 

257. F. Freeman and A. Yeramyan, Tetrahedron Lett. 1968, 4783. 

258. F. Freeman and A. Yeramyan, J. Org. Chem. 35, 2061 (1970). 

259. F. Freeman, A. Yeramyan, and F. Young, J. Org. Chem. 34, 2438 (1969). 

260. N. N. Gerber, Can. J. Chem. 46, 790 (1968). 

261. A. J. Blair and D. A. Pantony, Anal. Chem. Acta 13, 1 (1955). 

262. H.-J. Bielig and E. Bayer, Liebigs Ann. Chem. 584, 96 (1953). 

263. M. N. Sheng and J. G. Zajacek, U.S. Patent No. 3,670,002 (1972). 

264. E. Block, in The Chemistry of Ethers, Crown Ethers. Hydroxyl Groups and Their Sulfur Analogues, 
Supplement E, Part 1. S. Patai, Ed.. Wiley, New York, 1980, p. 539. 

265. F. E. Hardy, P. R. H. Speakman. and P. Robson, J. Chem. Soc. C 1969, 2334. 



Oxidation by Vanadium Compounds 


39 


266. L. Field and C. H. Foster, J. Org. Chem. 35, 749 (1970). 

267. H. Bock, B. Solouki, S. Mohmand, E. Block, and L. K. Revelle, J. Chem. Soc. Chem. Commun. 
1977 , 287. 

268. L. K. Revelle, Ph. D. thesis. University of Missouri-St. Louis, 1980. 

269. N. A. Milas. J. Am. Chem. Soc. 59, 2342 (1937). 

270. H. S. Schultz, H. P. Freyermuth, and S. R. Buc. J. Org. Chem. 28, 1140 (1963). 

271. L. Kuhnen. Angew. Chem. Internal. Ed. 5, 893 (1966). 

272. L. Kuhnen, Angew. Chem. 78 , 957 (1966). 

273. French Patent No. 2,044,265 (1971); Chem. Abstr. 76, 3397q (1972). 

274. I. Seree de Roch and P. Menguy, Patent No. 1,540,284 (1968); Chem. Abstr. 71 , 80944 (1969). 

275. S. Iriuchijima, K. Maniwa, T. Sakakibara. and G. Tsuchihashi, J. Org. Chem. 39, 1170 (1974). 



2 


Oxidation by Oxochromium(VI) 
Compounds 

Fillmore Freeman 


l. INTRODUCTION 


Oxochromium(VI) reagents are some of the most extensively used oxidants for introducing 
oxygen into organic molecules. 1 ' 16 These versatile, sometimes selective, and synthetically 


useful oxidants react with almost all types of oxidizable groups. This chapter will discuss 
mechanisms, scope and limitations, and experimental procedures for chromic acid (I), 
chromyl acetate (2), 17-19 chromyl chloride (3), 13,15,20-22 rerr-butyl chromate (4), 23,24 
chromium trioxide-pyridine complex (Sarett reagent, 5), 23,25-28 dipyridine chromium(VI) 
oxide (Collins reagent, 6), 213-31 pyridinium chlorochromate (PCC, 7), 32 pyridinium 


o, S> 

V ' 

Cr 

x' N x 

C N *-?-°' [C n 1, c,o > 

o 

1 

X =OH 

5 6 

2 

X =OAc 


3 

X = C1 


4 

X = 0 —/ —Bu 



dichromate (PDC, 8), 35-35 2,2'-bipyridinium chlorochromate (BiPy • HCr0 3 Cl, 9), 36,37 
tetraalkylammonium chromates, 38 supported chromium(VI) oxidants, 3 ’^ 1 and other 
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chromium(VI) oxidants. A short background review, which describes in general terms the 
characteristics of some of the more commonly used oxochromium(VI) oxidants, is given 
below. 

Aqueous chromic acid (1), which is prepared from potassium or sodium dichromate and 
dilute sulfuric acid, 3 '' 12 ' 43 is a potent oxidant. Chromic acid (1) may also be used in acetic 
acid, aqueous acetic acid, or aqueous acetone (Jones reagent). 44 ' 45 Other variations of 
chromic acid (1) oxidants include the Kiliani reagent (H 2 Cr0 4 , H 2 S0 4 , H 2 0) in acetic 
acid, 42 ' 43 two-phase oxidations (Na 2 Cr 2 0 7 ■ 2H 2 6, H 2 S0 4 , AcOH-benzene 46 ; 
Na 2 Cr 2 0 7 • 2H 2 0, H 2 0-ether 47 ), chromium trioxide in aqueous acetic, 48 chromium trioxide 
in anhydrous acetic acid (Fieser reagent), 49,50 and chromium trioxide in concentrated sulfuric 
acid. 51 

The reaction medium has a dramatic effect on the course of chromic acid (1) 
oxidations. 52,53 The Jones reagent generally oxidizes secondary alcohols containing double or 
triple bonds to ketones without attacking the unsaturated linkage. 54 This reagent will also 
oxidize primary allylic or benzylic alcohols to aldehydes in high yields. 55 In the presence of 
catalytic amounts of mercuric acetate, terminal olefins are oxidized to methyl ketones by the 
Jones reagent in 80%-90% yields. 56 On the other hand, acidic chromic acid (1) solutions 
will oxidize the alkyl group of an alkylbenzene to a carboxyl group, 3 or an allylic car¬ 
bon-hydrogen bond to a carbonyl group. Moreover, although ring degradation can occur 
with acidic chromic acid (1) solution, aqueous sodium dichromate oxidizes side chains of 
polynuclear aromatic systems to carboxyl groups with negligible ring degradation. 57 ' 59 

Chromyl acetate (2) is a potent oxidant which is produced from chromium trioxide and 
acetic anhydride. 16 " 18 In the absence of mineral acids, 2 oxidizes methylbenzenes to the 
corresponding benzoic acids. 60 However, in the presence of sulfuric acid (Thiele reagent), the 
products are benzylidene diacetates (10). 61 " 63 In addition to oxidizing alcohols, unsaturated 
centers, sulfides, and other functional groups, 2 oxidizes benzylic carbon atoms to carbonyl 
groups or to tertiary alcohols in excellent yields. 22,60,64 " 66 
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(1) 


Chromyl chloride (3) is a powerful oxidant which is used in nonaqueous solvents. It also 
oxidizes a wide variety of functional groups. In contrast to i, chromyl chloride (3) oxidizes 
alkylbenzenes to aldehydes and ketones. 13 ' 15,17 

/err-Butyl chromate (4), 22-23 in nonpolar organic solvents with added acetic anhydride, 
oxidizes allylic carbon atoms to carbonyl groups.* 68 ~ 77 Carbon-carbon double bonds are 
not usually attacked and oxidation may occur at both sides of the double bond. ferr-Butyl 
chromate (4) is also useful for oxidizing primary 73 and secondary alcohols. 74 

Among the mild, versatile, and selective reagents for the oxidation of alcohols to 
carbonyl compounds are 6-9, chromic acid supported on Amberlyst A-26, Amberlyst 
A-29, Amberlite IRA 400, or Amberlite 904, 39 chromyl chloride supported on silica- 
alumina (Si0 2 -Al 2 0j), t,4 °' 78 chromium trioxide intercalated in graphite (“Seloxcette), 41,79 
chromic anhydride-3,5-dimethylpyrazole complex (11J,*- 80-83 chromic anhydride- 
hexamethylphosphoric triamide, 5 ' 84 ' 85 chromic anhydride-diethyl ether, 86 chromic acid-silica 


* There is controversy 75 ' 77 concerning the reproducibility of the initial report. 70 

7 Ester, ethers, lactones, and nitriles are inert, but alkenes are cleaved. 78 

: This complex (11) also oxidizes allylic 82 and benzylic 83 carbon-hydrogen bonds. 

8 CAUTION: Add Cr0 3 in small portions to HMPT with stirring at 20°C. A violent decomposition can 
result if crushed CrO, is added to HMPT. 
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gel (H 2 Cr0 4 -Si0 2 ), 87 chromium trioxide-pyridine-dichloromethane, 88 chromium 
trioxide-pyridine-water (Cornforth reagent), 89 ' 90 chromium trioxide-pyridine complex 
formed in situ i *- 28 - 88 - 91 chromium trioxide-dimethyiformamide, 7,92 ' 94 tetrabutylammonium 
chromate (12),*' 38 bis(tetrabutylammonium)dichromate (13), 9596 and polymer supported 
pyridinium chlorochromate (PVPCC, 14 ). 97 


2. MECHANISMS 


2.1. Carbon-Hydrogen Bonds 


Although the chromium(VI) oxidation of alkylbenzenes has received considerable study, 
very little has been reported concerning the synthetic aspects of the oxidation of alkanes. 
Chromic acid (1), chromyl acetate (2), 17 ~ 19 ' 6! ' 98_l04 chromyl chloride (3), 13-1 5.20-22.105-10 9 
butyl chromate (4), 5,23 ' 24 ' 75 ' 77 ll, t ' 8 °' 83 ' 110 and dry chromium trioxide pyridine complex 111 
are some of the chromium(VI) oxidants which have excellent potential for oxidizing car¬ 
bon-hydrogen bonds to oxygenated compounds. 


2.1.1. Alkanes and Cycloalkanes 

The kinetic and mechanistic data for the chromic acid (1) oxidation of alkanes and 
cycloalkanes in aqueous acetic acid have been summarized. 112 The available kinetic data are 
partially consistent with a hydride transfer, hydrogen atom abstraction, or an insertion 
mechanism. The kinetic data from the chromic acid (1) oxidation of carbon-hydrogen bonds 
are difficult to interpret owing to the variety of reactions which may follow the initial 
oxidation step and a dearth of systematic experimental data. 

The chromic acid (1) oxidation of primary carbon-hydrogen bonds is very slow. Secon¬ 
dary carbon-hydrogen bonds are converted to alcohols which may be subsequently oxidized 
to ketones, and tertiary carbon-hydrogen bonds lead to tertiary alcohols. 3 

Although the kinetics of the chromyl acetate (2) and chromyl chloride (3) oxidation of 
alkanes have not been reported, these reagents show promise of some regiospecificity in the 
oxidation of carbon-hydrogen bonds. 5,3 ' 5,13 ' 22 ' 113 ' 116 


‘CAUTION: The chromium trioxide-pyridine complex can be prepared in situ in CH 2 C1 2 . This 
procedure appears to be safer than the method for preparing Sarett reagent. 23 - 25_a 
t CAUTION: In order to avoid a fire, powdered CrOj must be added in small portions in a nitrogen 
atmosphere to ice-cooled DMF. 93 

ifhis yellow orange solid (12) is very soluble in CHC1, and CH 2 C1 2 . The main advantages are 
homogeneous conditions and the requirement for only a slight excess of 12. 3 * 

* There is some question as to the nature of the actual chromium) VI) oxidizing species in a solution of 
Cr0 3 , acetic anhydride, and acetic acid. 65 - 100 - 101 113 
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2.1.2. Allylic Oxidations 

The oxidation of an allylic carbon hydrogen bond to a carbonyl group can be performed 
in good to excellent yields with several chromium(Vl) oxidants. Although limited kinetic and 
mechanistic data are available concerning the chromium(VI) oxidation of allylic carbons, 117 
it appears that a hydrogen atom or hydride ion is removed from the alkene giving a 
resonance stabilized allylic radical or carbocation, which is ultimately converted to the 
unsaturated ketone [Eq. (2)]. However, initial attack by oxidant at the double bond is also 
possible. 81 


— CH—CH = CH—CH,- 
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-CH=CH-CH-CH 2 
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2.1.3. Benzylic Oxidations 

The kinetics and mechanism of the chromic acid (1) oxidation of diphenylmethanes in 
95% aqueous acetic acid have been studied using an acid catalyst. 118 The reaction followed 
the rate law, v = k[CrO 3 ][diphenylmethane]// 0 , where h 0 is the Hammett acidity function. 
The order of reactivity found was triphenylmethane > diphenylmethane > ethyl¬ 
benzene > toluene > methylcyclohexane > cyclohexane. A kinetic isotope effect of 6.4 and a 
p * of —1.40 were observed with diphenylmethanes. These data, the oxidation of alkylben- 
zenes by 1 in glacial acetic acid 119,120 and the oxidation of toluene and ring-substituted 
toluenes by chromium trioxide in acetic acid, 121 ' 122 are consistent in many respects with an 
activated complex involving hydrogen atom abstraction, a hydride transfer, or an insertion 
mechanism. 

Although the kinetics and mechanisms of the chromic acid (1) and chromyl acetate (2) 
oxidation of alkylbenzenes remain to be elucidated. Freeman and co-workers 22 ' 65 ' 98 ' 101 have 
shown that chromium(V) is involved in the chromyl acetate (2) (k s ) oxidation of alkylben¬ 
zenes [Eqs. (3) and (4)]. A relatively stable chromium(IV) appears to result from the 
chromium(VI) oxidation (k 2 ). The relative rates of oxidation for toluene, ethyl-, propyl-, and 
/'-propylbenzene are 1:27:16:74 and 1:6:2.5:6 for k t and k 2 , respectively. Primary kinetic 
deuterium isotope effects were obtained for /-propylbenzene. Rho values of —1.09 and —0.98 
were obtained for k x and k 2 , respectively, with toluenes containing electron withdrawing 
groups. 


C 6 H 5 -CH,-R + CrO,(OAc), —^ C 6 H 5 -CH-R +Cr(V) (3) 

2 

C 6 H 5 -CH,-R+Cr(V)-^ C 6 H 5 -CH-R + Cr(IV) (4) 


The kinetics and mechanisms of the chromyl acetate (2) oxidation of toluenes to ben- 
zylidene diacetates (10) appear not to have been studied. 22 

The chromyl chloride (3) oxidation of alkylbenzenes to carbonyl compounds is First 
order in each reactant. 123 ' 127 The order of reactivity for toluene, diphenylmethane, and 
triphenylmethane is approximately 1:100:1000. A kinetic isotope effect was observed. 128 The 
oxidation, which may involve prior charge transfer complex formation (15), 129 invariably 
leads to the Etard complex (16). 3 ' 130 ' 131 

The kinetics of the oxidation of several sodium p-alkylbenzenesulfonates by aqueous 
dichromate have been studied from pH 5.4 to 7.0. 132 The data suggest that the only active 
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oxidant under these conditions is the acid chromate ion, HCr0 4 . A free radical mechanism 
was proposed for this oxidation process. 132133 


CrOiCK 




15 


OH 


O-Cr-Cl 

Cl 

C 6 H 5 -C-R 


OH 

I I 

O-Cr-Cl 


Cl 

16 


It is surprising that despite the apparent synthetic utility of the oxochromium(VI) 
oxidation of alkylbenzenes, very little is known about the mechanistic details of these impor¬ 
tant oxidative procedures. 5 "' 65 100 101118 


2.2. Carbon-Carbon Double Bonds 

The oxochromium(VI) oxidation of alkenes can lead to several different products 
including carboxylic acids, carbonyl compounds, glycols, ketols, and oxiranes (epoxides). 
However, it is possible to obtain good to excellent yields of desired products if the 
appropriate chromium(VI) oxidant and experimental conditions are selected. The 
mechanisms involved in the transition metals oxidation of alkenes have generated con¬ 
siderable controversy. 134-136 

Alkenes are oxidized by chromic acid (1) in acetic acid media with a rate which is first 
order in both alkene and l. 137 The oxidation product is a mixture of diacetates, 
monoacetates, diols. and epoxides. The rate of oxidation is little affected by steric factors and 
is increased by increasing the number of alkyl substituents. Activated complex 17 has been 
proposed for oxidation in acetic acid and activated complexes 18 and 19 have been suggested 
for oxidation in aqueous media. 136-139 
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19 


The kinetics of the oxidation of cinnamic acid by dichromate ion in acidic media have 
been reported. 140141 

Freeman and co-workers 142-150 have examined the chromyl chloride (3) oxidation of 
alkenes in carbon tetrachloride and dichloromethane solution. Although charge transfer 
complex formation may occur prior to the oxidation step,"' 136 147 the simple rate law 
v = A:[3][alkene] was observed. 144 146 149 150 Although a five-membered cyclic activated com¬ 
plex (20) has been considered, a three-membered cyclic activated complex (21) may be 
involved. 13 ' 22 ' 136 144 146 150 - 156 
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R 
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22 


The above studies, and others, 157 158 have shown that oxidation of olefins with 3 at low 
temperatures basically affords three products: oxiranes which can rearrange to carbonyl 
compounds, 142 ' 150 a-chloroalcohols, a-chloroketones, and vicinal dichlorides. These data 
conspire to suggest that the initial step in the chromyl chloride (3) oxidation of alkenes 
involves the organometallic intermediate 22 which may subsequently rearrange to a 
metallocycle. Ab initio molecular orbital calculations have also been reported for the chromyl 
chloride (3) oxidation of ethene. 159160 


2.3. Hydroxy Compounds 


23.1. Alcohols 


The major use of chromium(VI) oxidants in synthetic chemistry is in the oxidation of 
primary and secondary alcohols to aldehydes and ketones, respectively. 161 ' 195 Table I sum¬ 
marizes some of the extensive kinetic and mechanistic studies of the chromium(VI) oxidation 


O 

II 


O-Cr-OH 


\ 

/ 



II 

O 


slow 


o 

\ II 

C = 0 + Cr 

/ / N. 

HO OH 


(5) 


TABLE 1. Kinetic and Mechanistic Studies of the Chromium(VI) Oxidation of Alcohols 


Alcohol 

Oxidant 

Reference 

Primary and secondary 

H,CrO„ 

161, 172 


PCC (7) 

173, 174, 194 

Benzyl alcohols 

H,CrO„ 

175 


Na,Cr,0 7 

176 


PCC (7) 

177, 194 

Cyclopropanols 

H,Cr0 4 

178, 179 

Cyclobutanol 

HXrO„ 

180 

Cycloalkanols 

PCC (7) 

181, 194 

Adamantano! 

H,CrO„ 

182 

Benzhydrols 

HXrO„ 

183, 184 

Deoxybenzoin 

HXrO, 

185, 186 

Benzoin 

HXr0 4 

187 

Camphor 

H,Cr0 4 

188 

Tertiary 

HXr0 4 

189 

Triterpenoids 

HXrO„ 

190 

Steroids 

PCC (7) 

191, 194 

Three-electron oxidations 

H,Cr0 4 [Cr(V)] 

193, 195 
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of a wide variety of alcohols. Alcohol oxidation with chromium! VI) oxidants involves the 
rate determining step shown in Eq. (5). On the basis of the experimental data. Eq. (5) or (6) 
can be proposed for the pyridinium chlorochromate (PCC, 7) oxidation of alcohols. 114-177 


OH 

I ^ ■y 

R-C-H + 0=Cr 
I / \ 

H O O 


O 


Q 


H 


RCH-OH 


O 

tl 

-C 


H 


( 6 ) 


2.3.2. Diols 

Although the kinetics of the chromic acid (1) oxidation of glycols have received some 
study, 196-200 there appears to be a paucity of data concerning the synthetic aspects of these 
oxidations. Intermediate 23 [Eq. (7)] may be involved or the oxidation might be stepwise 
involving a-ketols as intermediates [Eq. (8)]. 


R 

I 

R-C-OH 

1 

R-C-OH 

I 

R 


+ HXrQ 4 


R-C-O n ^O \ 

1 Cr^ -► 2 C = 0 + Cr(IV) (7) 

R —C —0 / ^O r 7 

I 

R 

23 


R R R 

I 1 I 

H-C-OH C = 0 C = 0 

H-C-OH H-C-OH C=0 
I I I 

R R R 


( 8 ) 


2.4. Ethers 

The oxidation of dioxane was first order in dichromate and the rate constants decreased 
with increasing ionic strength. The effect of solvation on E a was discussed. 201 

A possible reaction mechanism for the PCC (7) oxidation of linear and cyclic enol ethers 
to esters and lactones could involve initial attack upon the olefin to afford unstable inter¬ 
mediate 24 (cf. 20 and 23). Heterolytic cleavage of the Cr-O bond, accompanied by a 1,2- 
hydride shift, can then give the products [Eq. (9)]. 


R H 

\ / 

C 

II +7 
C 

/ \ 

H OR, 



R-CHj-CO.R (9) 


24 


A general mechanism for the oxidation of furan derivatives by 7 has been 
proposed. 194195 The experimental data are in agreement with an initial 1,4-electrophilic 
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attack by the chlorochromate anion to give 25. Subsequent decomposition of 25 to the final 
products (26, 27, and 28) depends on the nature of substituents X and X,. Moreover, the 
formation of 26 implies a nucleophilic participation of the side chain hydroxyl groups in the 
heterolysis of 25. 194,195 


25 


OH 





O 



27 


O O 

II II 

ch 3 -c-ch=ch-c-r 

28 


( 10 ) 


2.5. Carbonyl Compounds 


2.5.1. Aldehydes 

Although the kinetics and mechanisms of the chromium(VI) oxidation of aldehydes 
have been investigated, 203-211 this is not a highly useful method for synthetic purposes since 
aldehydes are generally more difficult to obtain than the corresponding acids. However, 
oxochromium(VI) oxidants may be used to oxidize nonenolizable aldehydes in good yields. 


2.5.2. Ketones 

As with aldehydes, the oxochromium(VI) oxidation of ketones is not a synthetically 
useful procedure. The oxidation of an enolizable ketone generally leads to carbon-carbon 
bond cleavage with the formation of two carboxylic acids. Limited kinetic studies of the 
chromium(VI) oxidation of ketones have been reported. 212 


2.6. Carboxylic Acids 

The chromium(VI) oxidation of carboxylic acids has not been developed as a useful syn¬ 
thetic procedure. The oxidation generally leads to degradation of the carbon chain via bond 
cleavage. The kinetics and mechanisms of the chromium(VI) oxidation of carboxylic acids 
have been reported by several investigators. 213-218 


2.7. Nitrogen Compounds 

Although the use of chromium(VI) oxidants in synthetic procedures for the oxidation of 
organic compounds containing nitrogen remains an area to be explored, the kinetics of the 
chromium(VI) oxidation of ethanolamines, 219 hydroxylamine. 220 aniline. 221 azo 
compounds, 222 lower aliphatic amines, 223 224 triphenylamines, 225 hydrazine, 226-230 
phenylhydrazine. 231 and penicillamine 232 have been reported. 
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2.8. Sulfur Compounds 


The kinetics of the chromium) VI) oxidation of thiols, 233 glutathione. 232 l- cysteine, 234 
methionine, 235 thioureas, 236,237 and methyl phenyl sulfoxides 238 have been investigated. 


2.9. Organic Halides 

The chromic acid oxidation of benzyl chloride to phenylmethanal in aqueous acetic acid 
is first order with respect to halide, oxidant, and hydronium ion. 239 


3. SCOPE AND LIMITATIONS 

3.1. Oxidation of Alkanes and Cycloalkanes 

The carbon-hydrogen bonds in alkanes and cycloalkanes may be converted to alcohols, 
aldehydes, and ketones with strong chromium! VI) oxidants. The primary products of alkane 
and cycloalkane oxidations can be oxidized further to carboxylic acids via cleavage of C-C 
bonds [Eq. (11)]. However, as will be seen below, use of specific chromium(VI) oxidants 
under controlled experimental conditions can produce good to excellent yields of desired 
oxygenated products. 


OH O 

I II 

R-CH : -CH,-R,-► R—CH—CH : —R,-► R-C-CH,-R, 

-► RC0 2 H + R,C0,H (11) 

It can be seen in Table II that chromyl acetate (2) oxidations can be rather selective. 5,113 
With the smaller bicyclo[2.2.1 jheptane and bicyclo[2.2.2]octane systems only ketones and 
secondary acetates are formed, without attack at the bridgehead position. On the other hand, 
attack at the bridgehead predominates in larger systems. 5,100,113 

Other examples of regioselectivity in the chromyl acetate (2) oxidation of bicyclic 
systems, which is probably a result of greater accessibility at the C 5 position, is seen in the 
oxidation of endo -fenchyl acetate (29), 5 ( - )-bornyl acetate (33), 102 and (- )-isobornyl acetate 
(36). 114 This regioselectivity is useful in the synthesis of (+ )-6-exo-hydroxycamphene nojigku 
alcohol (39) from 36. 114 



33 


34 (40%) 


35 (16%) 
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TABLE II. Oxidation of Cycloalkanes with Chromyl Acetate (2) 


Cycloalkane 


Products 


Reference 


£7° 

23% 

Tty™ 

6% 


113 

"X o 

u sl O 

SfVS, 

CH, OAc 

c/chT 0 *' 


5 


43% 

6.2% 

3.1% 



fcr° 

40% 

ih' 0 “ 

4% 


113 

& 

71% 

9% 


113 



Direct remote oxidation of macrocyclic lactones (40) to a mixture of monoketo lactones 
(41, 35%-40%) can be accomplished with partial regiospecificity using 2 in acetic acid at 
25 °C for 48h. 103 Presumably the preferred conformation of 40 determines the possible 
oxidation sites. 



40, n = 11, 14, 15 


41, x + y = 10, 13, 14 


3.2. Oxidation of Allylic Carbon-Hydrogen Bonds 

Table III shows the allylic products from some chromium!VI) oxidations. Additional 
examples are described below. 

Ratclifie’s reagent (Cr0 3 pyridine complex 91 ) can be used for allylic oxidations [e.g.. 
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TABLE III. Allylic Products of Chromium(VI) Oxidations 


Substrate Oxidant 


Products Reference 


(/-BuO),CrO, 


Sarett reagent 


Sarett reagent 


O 



(31%) (36%) 


70 


5 


5 



PdCl; 


CrO, in N.N- 
dimethyiformamide 



(96%) 


94 


cholesteryi acetate (42) or (44] without isolation of the crystalline complex if all reagents are 
kept dry. 111 However, rert-butyl chromate (4) gives 43 in 90% yield. 70 ' 75-77 




(17) 


44 45(70%) 

Sodium dichromate in acetic acid oxidizes the steroidal alkene 46 to 47 in 79% yield. 24 



C-CH, 



C-CH, 


(18) 


AcO' 


46 


AcO 


47 


O 
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Although oxidation of the z) 8 -pregnene derivative 48 may lead to different carbonyl 
groups at C 7 and C n , chromium trioxide in acetic acid converts 48 to 49 in 75% yield. 241 
/m-Butyl chromate (4) oxidizes 50 to 51 in 71% yield. 240 



Chromic anhydride-3,5-dimethylpyrazole complex (88) oxidizes 52 to 53. which is an 
intermediate in the total synthesis of the antibacterial helenanolide (+ )-carpesiolin (54). 82 
The oxidation of cholesteryi benzoate and J 6 -cholestene-3/l,5a-diol to the corresponding A s - 
7-ketones (70%—75%) by 11 is rapid. 81 



3.3. Oxidation of Carbon-Hydrogen Bonds Adjacent to Triple Bonds 

A new method for the synthesis of conjugated acetylenic ketones (56), which provides 
these compounds in a single step from readily available alkynes (55), involves oxidation with 
chromium trioxide-pyridine complex or anhydrous sodium chromate in solution of acetic 
acid and acetic anhydride (Table IV). 242 


R-CeeC-CH 3 -R 


o 

II 


( 22 ) 


55 


56 
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TABLE IV. Acetylenic Ketones from Chromium! VI) Oxidations 11 


Alkyne 

Product 

Yield (%) 

CrO,(pyridine) 2 Anhydrous Na.CrO, 

1-Phenyl-l-butyne 

O 

II 

CH,-C-C = C-C 6 H, 

40 

17 

4-Octyne 

o 

II 

CH,CH 2 —C—C = C —(CH 2 ) 2 CH, 

42 

19 

1-Decyne 

O 

II 

CH=C-C-(CH,) 6 CH, 

0 

0 

2-Decyne 

o 

II 

CH,-C = C-C-(CH 2 ),CH, 

31 

18 

5-Decyne 

o 

II 

CH,(CH,),—C —C = C —<CH,),CH, 

46 

20 


* Reference 242. 


3.4. Oxidation of Alkylbenzenes 

Alkylbenzenes may be oxidized to a wide variety of oxygenated products depending on 
which chromium(VI) oxidant is used. Acidic chromic acid (1) oxidizes the alkyl group of an 
alkyibenzene to a carboxyl group (Table V). 243-260 This procedure provides the basis for the 
determination of the orientation and number of alkyl groups in substituted benzenes or 
heterocycles. 3,261 ' 262 Experimental conditions may be adjusted so some selectivity is obtained 
in polyalkyl-substituted compounds. For example, the ethyl group in 2-ethyl-3,5- 
dimethylpyrazine (57) is selectively oxidized to an acetyl group (58) in 50%-70% yield by 
hot chromic acid (l). 263 


CH 


^VCH, 

- I 

N^CH 2 CH, 


CH, 



CH, 

O 

II 

C-CH, 


(23) 


57 


58 


The use of dichromate ion in nearly neutral aqueous solution, where the oxidant is 
mainly in the form of acid chromate ion. results in almost exclusive attack of alkyl side 
chains. 57 ' 59 I32 ' 133 ' 263 " 265 The yield of carbonyl or carboxylic acid product is generally superior 
(Table VI) to that obtained using chromic acid (I), and the isolation procedure is 
simpler. 57 ' 264 One of the major advantages of the dichromate procedure is the oxidation of 
side chains on polynuclear aromatic hydrocarbons without attack on the aromatic rings 
(Table VII). 57 

The oxidation of substituted toluenes with CrO, in acetic anhydride in the presence of 
sulfuric acid or methanesulfonic acid gives the corresponding benzai diacetates (10) in fair to 
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TABLE V. Products of the Chromic Acid (1) Oxidation of Alkylbenzenes 


Alkylbenzene 

Oxidant 

Products 

Yield (%) 

Reference 

Methylbenzene 

H 2 Cr0 4 

Benzoic acid 


243 

1,3-Dimethyibenzene 

H 2 CrO„ 

hno 3 

Isophthalic acid 


244 

1,4-Dimethylbenzene 

H 2 CrO„ 

HNOj 

Terephthalic acid 


244 

1,2,4-T rimethylbenzene 

CrOj 

HOAc 

Trimeliitic acid 

23 

245, 246 

Ethylbenzene 

H 2 CrO„ 

h 2 so 4 

Benzoic acid 

80-85 

247 

Propylbenzene 

H 2 Cr0 4 

h 2 so 4 

Benzoic acid 

50-60 

247 

z'-Propylbenzene 

H 2 Cr0 4 

HOAc 

2-Phenyl-2-propanol 

Phenylethanone 


248, 249 

jec-Butylbenzene 

H 2 Cr0 4 

HOAc 

Benzoic acid 

Phenylethanone 


250 

Octylbenzene 

H 2 Cr0 4 

Benzoic acid 


251 

Tetralin 

H 2 Cr0 4 

HOAc 

Tetralone 


252 

Diphenylmethane 

H 2 Cr0 4 

HOAc 

Diphenylketone 


120 

Fluorene 

CrOj 

HOAc 

Fluorenone 


122 

1,1-Diphenylethane 

H 2 Cr0 4 

HOAc 

Diphenylketone 


253 

4-Nitrotoluene 

H 2 Cr0 4 

h 2 so 4 

4-Nitrobenzoic acid 

82-86 

254, 255 

3,4-Dinitrotoluene 

H 2 Cr0 4 

h 2 so 4 

3,4-Dinitrobenzoic acid 

89 

256 

2,4,6-Trinitrotoluene 

H 2 Cr0 4 

h 2 so 4 

2,4.6-Trinitrobenzoic acid 

57-69 

257 

2-Methyl-5-nitropyridine 

H 2 Cr0 4 

h 2 so 4 

5-Nitropyridine-2-carboxylic acid 

80 

258 

Triphenylmethane 

H 2 Cr0 4 

h 2 so 4 

Triphenylcarbinol 

Diphenylketone 


259, 260 


good yields [Eq. (1), Table VIII]. 61 ' 63 ' 267 ' 268 Hydrolysis of 10 gives the corresponding sub¬ 
stituted phenylmethanals (59). 60,267 ' 268 In the absence of sulfuric acid or methansulfonic acid, 
the substituted toluenes are oxidized to the corresponding benzoic acids. 60 ' 267 


CH(OCOCHj); 


O 

li 

C-H 


X 


X 


10 


59 


(24) 


Chromyi acetate (2) oxidizes triphenylmethane to triphenylcarbinol in quantitative 
yield, and diphenylmethanes to the corresponding ketones in 90%-100% yields. 22 ' 60 ' 64 ' 66 
Chromyi chloride (3) oxidizes alkylbenzenes to aldehydes and ketones (Table IX) via 
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TABLE VI. Oxidation of Alkylbenzenes with Aqueous Sodium Dichromate 


Alkylbenzene 

Product 

Yield (%) 

Reference 

Ethylbenzene 

Methyl phenyl ketone 6 - 4 

30-70 

58 


Benzoic acid 

10-40 


t'-Propylbenzene 

Methyl phenyl ketone 

25 

266 


Benzoic Acid 

11 



a-Methylstyrene 

21 



2-Phenyi-2-propanoi 

5 


Fluorene 

Fluorenone 

99 

57 



— 

57 

3-Fluorotoluene 

3-Fluorobenzoic acid 

35 

57 

4-Fluorotoiuene 

4-Fluorobenzoic acid 

55 

57 

2-Chlorotoiuene 

2-Chlorobenzoic acid 

98 

57 

4-Chlorotoluene 

4-Chlorobenzoic acid 

88 

57 

4-Nitrotoluene 

4-Nitrobenzoic acid 

94 

57 

2-Bromo-p-xylene 

Bromoterephthalic acid 

68 

57 

3-Methoxytoluene 

3-Methoxybenzoic acid 

70 

57 

4-Methylbiphenyl 

4-Biphenylcarboxylic acid 

95 

57 


“ The products reported earlier 3 ’ appear to be in error. 

3 It is interesting to contrast this reaction with chromyi acetate (2) which gives methyl phenyl ketone 63 and with 
chromyi chloride (3) which gives mainly phenylethanai. 


TABLE VII. Aqueous Sodium Dichromate Oxidation of Alkyl Substituted Polynuclear 

Aromatic Hydrocarbons" 


Hydrocarbon 

Product 

Yield (%) 

1-Methylnaphthalene 

1-Naphthoic acid 

95 

2-MethylnaphthaIene 

2-Naphthoic acid 

93 

1,2-Dimethyl naphthalene 

1,2-Naphthaiic anhydride 

75 

2,3-Dimethylnaphthalene 

2,3-Naphthalene dicarboxylic acid 

93 

2-Methylanthracene 

2-Anthroic acid 

98 

1 -Methylphenanthrene 

1-Phenanthroic acid 

91 

4-Methylphenanthrene 

4-Phenanthroic acid 

91 

9,10-Dimethyiphenanthrene 

9,10-Phenanthrenedicarboxylic anhydride 

92 

2-Methyltriphenylene 

2-Triphenylenecarboxylic acid 

92 

6-Methylchrysene 

6-Chrysenecarboxylic acid 

88 

3-Methylfluorenone 

Fluorenone-3-carboxylic acid 

88 


" Reference 57. 


TABLE VIII. 

Chromyi Acetate (2) Oxidation of Alkylbenzenes 


Alkylbenzene 

Product 

Yield (%) 

Reference 

2-Nitrotoluene 

2-Nitrobenzaldehyde diacetate 

36-37 

62,267 

4-Nitrotoluene 

4-Nitrobenzaldehyde diacetate 

60-65 

62,267 

4-Bromotoluene 

4-Bromobenzaldehyde diacetate 

48-60 

269 

4-Cyanotoluene 

4-Cyanobenzaldehyde diacetate 

63 

267-269 

Methyl p-tolyl sulfone 

p (Methylsulfonyl) benzaldehyde 

52 

270 

diacetate 

2-Methyl-5-chlorobenzenesulfonyl 4-Chloro-2-chlorosulfonyibenzaidehyde 

34 

271 

chloride 

o-Xylene 

diacetate 

Phthalaldehyde tetraacetate 

14 

61 

m-Xylene 

Isophthalaldehyde tetraacetate 

40-50 

61 

p-Xylene 

Terephthalaldehyde tetraacetate 

52 

61 
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TABLE IX. Chromyl Chloride (3) Oxidation of Alkyibenzenes 


Alkylbenzene Solvent Product Yield (%) Reference 


Toluene 

CCI 

o-Xyiene 

CC1 

m-Xylene 

CCI 

p-Xylene 

CCI 

Ethylbenzene 

CS 2 

n-Propylbenzene 

CCI 


i-Propylbenzene 

CS 2 

Diphenylmethane 

CS 2 

Triphenylmethane 

CCI, 

Fluorene 

CCI, 

p-Benzyltoluene 

CS 2 

4-Chlorotoluene 

CCI, 

4-Nitrotoluene 

CCI, 


Bcnzaldehyde 

u-Tolualdehyde 

m-Tolualdehyde 

p-Tolualdehyde 

Phenylacetaldehyde 

Benzyl methyl ketone 

Propiophenone 

a-Chloro-n-propylbenzene 

Hydratropaldehyde 

Methyl phenyl ketone 

Benzophenone 

Triphenylcarbinol 

Fluotenone 

Phenyl p-tolyl ketone 

4-Chlorobenzaldehyde 

4-Nitrobenzaldehyde 


90 

15 

65 

67, 106 

60 

67, 106 

70-80 

67, 106 

11-26 

272, 273 

107. 272, 273 

3-14 

12-30 

272, 273 


98 

106, 131 

93 

106, 274 

35 

67 

62 

275 

75 

106, 276, 277 

60-70 

276, 278 


the Etard complex (16). With alkyl groups larger than methyl, oxidation occurs preferen¬ 
tially at the benzylic carbon atom. 

Oxidation of 2,6-lutidine (60) with chromium trioxide gives 6-methyI-2-pyridinecar- 
boxylic acid (61) with 60%-66% selectivity [cf. Eq. (22)]. The sodium dichromate 
oxidation of 60 gives 2,6-pyridinecarboxylic acid (62, 62%). 279 


n 

CHj N^CH 3 

- c„Aco,„ 

— A 

ho 2 c-AAco 2 h 

60 

61 

62 


Selectivity in the cyclization of gamma-arylbutanoic acids via chromic acid (1) oxidation 
at the benzylic position has been studied. 280 


3.5. Oxidation of Hydrindacenes, Indans. Tetralins, and Acenaphthenes 

The oxidation of indans and hydrindacenes [Eq. (26). Table X] is an attractive syn¬ 
thesis since the resulting ketones are useful intermediates for preparing indenes and their 
homoiogs via reduction and dehydration. 281 


O 



63 64 ( 88%) 


The chromic acid (1) oxidation of a series of mono- and polyalky 1-1,2,3,4- 
tetrahydronaphthalenes (tetralins) has been investigated (Table XI). 252 ' 282 ' 284 Preferential 
oxidation occurs at the benzylic methylene position para to an alkyl substituent in the 
aromatic ring. An alkyl group ortho to a benzylic methylene position may enhance or retard 
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TABLE X. Chromium Trioxide in Acetic Oxidation of Hydrindacenes and Indans" 


Substrate 

Product 

Yield (%) 

JCQ 


92 


xxS 

87 

CCQ 

C03° 

90 


c^° 

88 

COQ 

005° 

90 


“ Reference 281. 


oxidation at that position, depending upon the degree of steric crowding by the alkyl group. 
2-Alkyltetralins undergo preferential oxidation in that 3-alkyl-1-tetralones predominate in 
the product mixture. 

The chromic acid (l) 285 and dichromate 286 ' 287 oxidation of acenaphthene (65) to 
acenaphthenone (66) or to acenaphthenequinone (67) 288 have received some study. 



65 66 67 


3.6. Oxidation of Aromatic Rings 

Chromyl acetate (2) and chromyl chloride (3) are the first nonenzymatic oxidants to 
mimic mixed-function oxygenases in all important aspects [(1) stereospecific hydroxylation 
of aliphatic hydrocarbons, (2) oxidation of olefins and aromatic substances, and (3) 
hydroxylation of aromatic substrates with concomitant NIH shift]. 289 These studies involved 
the oxidation of naphthalene to 1,4-naphthoquinone. 

Table XII shows the yield of quinones from the chromium) VI) oxidation of polynuclear 
hydrocarbons. 290 " 293 Other examples include the chromium(VI) oxidation of 2,6-dimethyl- 
naphthalene, 294 1,2,5-trimethylnaphthalene. 295 296 1-methylanthracene, 297 2,6-dimethyl- 
anthracene. 298 1,3,5,7-tetramethylanthracene, 299 phenanthrene. 300,301 1-methylphenan- 
threne, 302 and 1-ethylphenanthrene. 303 

A two-stage electrochemical process for the oxidation of anthracene to anthraquinone in 
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TABLE XI. Chromic Acid Oxidation Products of Tetralins" 


Tetraiin 

A 

l-Tetralone 

products 

B 

Ratio 

A:B 

Combined 
yield (%) 

00 

06 



55 

GO 

06r 

06l 

1.0 

2.1 

72 

00" 

06^ 

06^ 

1.0 

2.1 

83 

oo* 

06* 

06. 

1.0 

5.8 

70 

go 

g6 

66 

1.0 

1.3 

60 

go 

96 

65 

2.9 

1.0 

62 

ga 

g6 

66 

1.0 

6.1 

57 


° Reference 282. 


89%-95% yield with dichromate has been reported. 304 The oxidant may be regenerated elec- 
trolytically in aqueous sulfuric acid. 

Addition of potassium dichromate to griseofulvin (68) in concentrated sulfuric acid 
produced a red color due to formation of the o-quinone 69, which is useful for identification 
of 68. 305 Intermediate oxidation products 70 and 71 were obtained with 68 in excess at low 
temperature. 



68. R = OCHj, R,=H. R 2 = OCH, 

70, R = R,=OH, R : = OCH, 

71, R = OCH 2 R i = R 2 = OH 


(28) 


69 
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TABLE XII. Chromium!VI) Oxidation of Polynuclear Hydrocarbons 


Aromatic 

compound Oxidant Products Yields (%) 


CH, 


CrO,» 

HOAc 


.CH, 

CH, 


CrOj* 

HOAc 


Na 2 Cr 2 0/ 


CH, 


CrCLCL.CCV 


CO 


CH, Na 2 Cr 2 0/ 

h 2 so 4 



O 


“ References 291. 292. 
‘Reference 291. 

‘ Reference 263. 
‘'Reference 133. 

' Reference 293. 


3.7. Oxidation of Unsaturated Systems 


3.7.1. Nonfunctionalized Alkenes and Polyenes 

Pyridinium chlorochromate (PPC, 7) is slightly acidic, but unlike other 
oxochromium( VI) oxidants, it does not oxidize simple carbon-carbon double or triple 
bonds. 10,306 However, 7 can bring about E-Z isomerization 32 and oxidize activated car¬ 
bon-carbon double bonds. 194 A n complex may be involved in the interaction of 7 and 
olefins. 22,202,307 The first example of the direct conversion of enol ethers to esters or lactones 
by the PCC (7) oxidation of enol ethers is described above [Eq. (9)]. 202 

Although the chromic acid (1) oxidation of carbon-carbon double bonds does not 
appear to be synthetically useful at this time, chromyl acetate (2) 22,60,64,66 and chromyl 
chloride (3) are useful reagents for oxidizing olefins. Chromyl acetate (2) has been reported 
to form oxiranes from olefins with retention of configuration [Eq. (28)]. 308 The syntheses of 
chiral oxiranes is important because they constitute ideal building blocks for asymmetric syn¬ 
theses, since subsequent reactions do not generally involve the chiral center. 309 

H H H O H 

c=c —► c—c 

/ v ✓ V 

CH, CH, CH, CH, 


( 29 ) 
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The chromic acid (1) oxidation of tetraphenylethene (73) gives mainly epoxide 74 . 310-312 
Although chromic acid (I) is useful in the Barbier-Wieland side-chain determination , 313-315 
it is not generally very useful for synthetic reactions involving carbon-carbon double bonds. 


c 6 h 5 c 6 h< 


C„H< O 

0 N / 0 

H,Cr0 4 

1 

/ 

\ 

1 

/ 

u 

II 

u 


c—c 

c 6 h/ x c 6 h 5 


C 4 h/ 

74 


75 


(30) 


C(,H< 


Chromyl acetate (2) oxidizes 74 to 75 (20%), benzophenone (5%), and benzopinacol 
(76, 60%). 51 Similar results are obtained with diphenylacenaphthalene [77, Eq. (32)]. The 


O 


c 6 h. 


y = K Cr °A°o h > 7S + C 6 H 5 -C-C ( ,H s + 


c«h 5 c 6 h 5 

74 


c 

C„H, O O . 

N I 1 / 

fti- 15 -r C—c 

/ N 


<,"5. , I C 6 H, 


(31) 


c 6 h 5 


c a h« 


76 


formation of diol carbonates is a nonstereospecific process . 51 Table XIII, which omits the 
cleavage products, shows that chromyl acetate ( 2 ) is also useful for converting styrene 
derivatives to epoxides . 316 " 319 



Jones reagent (Cr0 3 -H : S0 4 -H 2 0-acetone ) 44 45 oxidizes alcohols to ketones efficiently 
and is relatively unreactive toward alkenes. However, examples of epoxidation during 
oxidation with Jones reagent have been reported . 320-321 

The oxidation of terminal olefins by Jones reagent in the presence of a catalytic quantity 


TABLE XIII. Chromyl Acetate (2) Oxidation of Alkenes to Oxiranes 


Alkene 

Yield of 
oxirane (%) 

Reference 

(C 6 H 5 ) 2 C = CH 2 

88 

316 

c 6 h 5 ch=chch 3 

28 

317 

C 6 H 5 (CH,)C = CHCH 3 

39 

317 

C 6 H,CH=C(CH 3 ) 2 

40 

317 

Ar(CH 3 )C = C(CH 3 ) 2 

45-56 

317 

C 6 H,CH=C(C 6 H 5 ) 2 

53 

318 

(Z)-4-ClC 6 H 4 C(C 6 H 5 ) = C(CH 3 )C 6 H 5 

62 

318 

(E)-4-ClC 6 H 4 C(C 6 H 3 ) = C(CH 3 )C 6 H 5 

49 

318 

(4 —C1C 6 H 4 ) 2 C = CH(C 6 H 5 ) 

50 

318 

<4—BrC 6 H 4 ) 2 C = CH(C 6 H 5 ) 

53 

318 
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TABLE XIV. Oxidation of Alkenes by Chromium(VI) Oxidants 
Catalyzed by Mercury! II ) u 


Alkene 

Oxidant 

Product 

Yield (%) 

3,3-Dimethyl-1 -butene 

A* 

3,3-Dimethyl-2-butanone 

86 

l-Octene 

A 

2-Octanone 

82 

(Z)-2-Octene 

B c 

2- Octanone (64%) 

3- Oetanone (36%) 

56 

(E)-2-Octene 

A 

2- Octanone (63%) 

3- Octanone (37%) 

54 

Undecenylic acid 

A 

10-Oxoundecanoic acid 

82 

2-Allylcyciododecanone 

B 

/J-Oxo-2-propylcyclododecanone 

70 

Styrene 

B 

Methyl phenyl ketone 

26 

Cyciohexene 

B 

Cyclohexanone 

41 

Cyclododecene 


C yclododecanone 

36 

Norbornene 


Norcamphor 

20 


“ Reference 322. 

'’Jones reagent (Refs. 44.45). 

‘ Sodium dichromate-trifluoroacetic acid. 


of mercury! II) affords good yields (>70%) of the corresponding methyl ketones 
(Table XIV). 322 Similar oxidations of 1,2-disubstituted olefins gives fair (20%—70%) yields. 

The oxidation of olefins with silver chromate-iodine [Eq. (33)] provides a new and 
facile synthesis of a-iodo ketones (80, Table XV). 323 


RCH =CH, 

,1 

H 

O 

II 

+ 

RCH 

*> 

O 

1 

-ch 2 RCyCHjI 

o — 6 

—► o —" 

R-C 

II 

lT/~x 


AgO-Cr-Ot 

o 

II 

u. 

u- 

II 

o 

0=Cr = 0 

80 

O 

OAg 

OAg 



The products from the chromyl chloride (3) oxidation of alkenes are strongly dependent 
on reaction conditions (Tables XVI-XX). 13 For example, Freeman and co- 
workers 22142143145 ' 148 obtained aldehydes and ketones (Table XVI) from the oxidation of 
alkenes by 3 in dichloromethane, while Sharpless and co-workers 136324 obtained a-chloro 
ketones 108 109 325 ' 326 in acetone (Table XVII). The high stereoselectivity of cis addition of the 
elements of HOC1 across the double bond is shown in Table XVIII. 136 


O 

I II 

-c-c- 

I 


1. 3 

2. via oxirane 


c=c 


Cl OH Cl O 

II I II 

-c-c- + -c-c- 

I I I 


(34) 


Table XIX 327 ' 328 shows the comparison of products from the chromyl chloride (3) 
oxidation of endocyclic and exocyclic cycloalkenes. 152153 

Table XX 156 shows the major products from the chromyl chloride (3) oxidation of 
cycloalkenes in carbon tetrachloride under anhydrous conditions [Eq. (35)]. 156 

O Cl OH n 

s , II II 

C = C —* -C-C- -I- -C-C- + C-C + rearranged (35) 

/ x I I x x products 
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TABLE XV. Oxidation of Olefins with Silver Chromate-Iodine 0 


Olefin 

st-Iodo ketone 

Yield (%) 

Cyclohexene 

O 

60 

Cyclooctene 

O 

65 

1-Octene 

o 

II 

C 6 H n -C-CH 2 I 

74 

1-Octadecene 

O 

II 

c 16 h 33 -c-ch,i 

65 

Styrene 

o 

II 

C 6 H S -C-CH 2 I 

86 

Cinnamyl acetate 

o 

II 

C 6 H 5 -C-CHICH 2 OAc 

82 

Allyl benzoate 

o o 

II II 

C 6 H 5 -C-OCH 2 -C-CH 2 I 

49 

2,3-Dihydro-4H-pyran 

o 

& 

39 


“ Reference 323. 


TABLE XVI. Aldehydes and Ketones from the Chromyl Chloride (3) Oxidation of 

Alkenes in Dichloromethane" 


Alkene 

Product 

Yield (%) 

2,3-Dimethyl-2-butene 

3,3-Dimethyi-2-butanone 

50 

2,3,3-T rimethyl-1 -butene 

2,3,3-Trimethylbutanal 

35 

2,4,4-T rimeth yl-1 -pen tene 

2,4,4-Trimethylpentanal 

78 

4,4-Dimethyl-2-neopentyl-1 -pentene 

4,4-Dimethyl-2-neopentanal 

81 

(E)-1 -Phenyipropene 

1 - Pheny 1-2-propanone 

40 

2-Phenylpropene 

2-Phenylpropanal 

60 

1,1 -Diphenylethene 

2.2-Diphenylethanal 

63 


References 142. 143. 145. 148. 
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TABLE XVII. a-Chloro Ketones from the Chromyi Chloride (3) Oxidation of Alkenes in 

Acetone 1 ' 


Alkene 

Procedure 

Yields (%) 

(E )-Cyclododecene 

B 

70 

(E )-Cyclododecene 

A 

79 

(E)-5-Decene 

A 

90 

(E)-5-Decene 

B 

81 

(Z)-5-Decene 

B 

65 

(Z)-5-Decene 

A 

68 

(E)-2-Octene 

A 

70 

4,4-Dimethyl-( E )-2-pentene 

A 

60 

2-MethyI-2-heptene 

A 

45 

Cyclohexene 

A 

38 

Norbomene 

A 

58 


* Reference 324. 


TABLE XVIII. Chromyi Chloride (3) Oxidation of Disubstituted Alkenes in 

Dichloromethane" 


Olefin 

Epoxide 

Halohydrin 

Halo 

ketone 

Z 

E 

Erythro 

Threo 

(E )-Cyclododecene 

2 

20 

5 

60 

8 

(Z )-Cyclododecene 

28 

2 

25 

4 

5 

(E)-5-Decene 

1 

15 

5 

55 

7 

(Z)-5-Decene 

13 

2 

35 

30 

5 

(Z)-5-Decene 

0 

0 

28 

5 

35 

Cyclohexene 

5 


15 

25 

5 

‘'Reference 136. 






TABLE XIX. Comparison of Products from 

the Chromyi Chloride (3) Oxidation of 


Endocyclic and Exocyclic Cycloalkenes 1 

3 


Endocyclic Overall 




Overall 

Exocyclic 

cycloalkene yield (%) 

(% Yield) Products (% Yield) 

yield (%) 

cycloalkene 


CH, 


CH, 


CH 


< (84.6) 2-Methylcyclopentanone (72.0) 

(1.4) Cyclopentanecarboxaldehyde (17. 

(4.2) 2-Chloro-2-methylcyclopentanone 
(9.9) 2-Methylcyclopenta-3-one (5.8) 

< (52.5) 2-Methylcyclohexanone (29.1) 

Cyclohexanecarboxaldehyde (47.1) 

(38.5) 1-Methylcyclopentanecarboxaldehyde (23.8) 
(9.3) 2-ChIoro-2-methylcyclohexanone 



60 



2-Methyicycloheptanone (31.5) 
Cycloheptanecarboxaldehyde (28.3) 

1 -Methylcyclohexanecarboxaldehyde (25.3 
2-Methylcyclohepten-3-one 68 

2-Chloro-2-methylcycloheptanone s' 

Cycloheptanone (12.4) s' 

Cyclooctanone (2.5) ^ 





“ References 13, 327. 328. 
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TABLE XX. Chromyl Chloride (3) Oxidation of Cycloalkenes in Carbon Tetrachloride" 


Cycloalkene 


Products 


o 

n 

Cf 

o 

X 

Cl O 

0 

0° 


(30%) 

(11%) 

(14%) 

CH, 

0 

O 

CH, * 

Cc- H 

0 

CH, 

0r° 

Chlorinated products 


(28%) 

(6%) 


o 

Cl OH 

0 

Cl o 

0 

o° 6 


(17%) 

(17%) 

(3%) 23% 

d" 

O 

CH 'r h 

d 

CH, O 

0 

Chlorinated products 


(30%) 

(18%) 


CO 

JO 

CO 




” Reference 156. 


Methyl 2-methyl-5-isopropenyl-l-cyclopenten-l-carboxylate (81), the corresponding 
aldehyde (83), and free carboxylic acid (85) are selectively oxidized by 3, according to the 
procedure of Freeman and coworkers . 148 respectively, to the aldehyde ester 84 ( 80%), 
chrysomelidial 85 (69%). and 86 , which was not isolated but cyclized to dienelactone 87. 329 


CH, 


1. CrO,CI, 

2. Zn, H,o’ 


CH, 

1 /CO,CH, 

OOcHO 


CH 3 

CH 

81 

82 


(36) 



(37) 
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The chromyl chloride (3) oxidation of tetraphenylethene (74) results in a novel 
cyclization reaction giving 9,10-diphenylphenanthrene ( 88 ) in 70% yield . 330 



(39) 


Oxidation of norbornene at — 80°C with 3 gives 3-exo-chloro-2-exo-hydroxynorbornene 
(89, 63%), 3-exo-chloronorcamphor (90, 11%), norcamphor (91, 3.1%) and an unidentified 
aldehyde (1.7%, cf Tables XVI-XX ). 151 



Norbornadiene was oxidized with fresh 3 (1.5 molar equiv, —78°C, CH,C1 2 , dark 
2 h ). 157 Analysis indicated the presence of two major products, 92 (50%) and 93 (37%) 
among no less than 10 products. 



The oxidation of a-pinene with chromyl chloride (3) has been investigated and 
11 products amounting to 81% of the total reaction have been isolated and identified . 331 

The reaction of dibenzo[c, g]bicyclo[4.2.0]octa-3,7-diene (94) with chromyl chloride 
(3) gives a mixture of 95, 97, and 99. The reaction of 95 (R = H) with 3 yielded 96 and 98. 332 



94 95 R = H 97 R = H 

% R = OH 98 R=C1 


O 



99 
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Barton and co-workers 333 observed some unusual oxidations of chromyl chloride (3) in 
the lanosterol series. One example is the oxidation of /l 2 ' 8(9l -lanostadiene (100) to the 
A 2 - 9 ""- 7-ketone (101). 




O 


(43) 


Bistriphenylsilyl chromate (102) oxidatively cleaves olefins, giving the corresponding 
aldehydes and ketones along with reduced organochromium species. 334 The silyl chromate 
also polymerizes ethene at high pressure without added catalysts. 


R. 


R 


\ / 
C 


R, 


C 

/ \ 


R, 


(C 6 H 5 ) 3 Si —O O 


+ 


(C 6 H 5 ),Si —O 



R, 


c=o 


+ 


R 


\ 


c=o 


R 


R, 


(44) 


102 


(C 6 H s ).,Si-0„ 


+ 


Cr 


(C 6 H 5 ),Si —O 


Organoboranes derived from terminal olefins are oxidized by pyridinium 
chlorochromate (PCC, 7) to aldehydes in good yields [Eq. (45)]. 335 Similarly, 
organoboranes from cyclic alkenes provide ketones in high yields (vide supra). 336 


O 


RCH = CHR BH, S(CH) ' ; . (RCH : CHR) 3 B Py ' HC1 RCH 2 -C-R (45) 


A number of hitherto unknown and unexpected oxidation products have been obtained 
from the chromic acid (1) oxidation of polyenes with terminal /3-ionylidene groups. 337 


3.7.2. Functionalized Alkenes 

Although PCC (7) does not effect oxidation of isolated double bonds, propenylbenzene, 
or diphenylmethane, it is able to oxidize 1,4-dienes to dienones. 338 This chemoselectivity is 
shown in the oxidation of dienone 103 to dienones 104 and 105, in a respective ratio of 9:1. 



103 


104 


105 
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The selectivity (104/105= 1:3) was reversed using tert -butyl chromate (4) or chromium 
trioxide dipyridine (Collins reagent, 6). The PCC (7) oxidation of 1,4-diene 106 has also 
been reported. 339 The major product 107 resulted from oxidation of the hydroxyl group and 
the minor product 108 arose from allylic oxidation. 


CO,R 



106 



(47) 


The mildly acidic character of PCC (7) may be used to bring about oxidative cationic 
cyclization reactions. For example. (— )-citronellol (109) was converted to ( —)-pulegone 
(112, 70%) which is an important reactant for the asymmetric synthesis of 
prostaglandins. 340-342 



The oxidative cationic cyclization reaction of PCC (7) provides a facile method for the 
preparation of 0-disubstituted a, 0-unsaturated cyclohexenones (Table XXI). 343 The reaction 
only proceeds with substrates capable of forming a tertiary carbocation as the initial cyclic 
intermediate. Attempts to form cyclopentenone derivatives were unsuccessful. 343 



The oxidation of enol ethers [Eq. (9)] and furan ring systems [Eq. (10)] by PCC (7) 
are described below. 


3.7.3. Alkvnes 

It appears that carbon-carbon triple bonds are relatively inert to some chromium! VI) 
oxidants. The formation of a-acetylenic ketones [Eq. (22), Table IV] 242 has been described 
above and the oxidation of alkynes containing other functional groups will be described 
below. 
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TABLE XXI. Products from PCC (7) Oxidative Cyclization Reactions" 


Substrate 

Product 

Yield (%) 

OH 

O 


(V 

^^CH, 

&c„, 

68 

OH 

O 


ch -^a"‘ h 

CH, CH J 

CH, <X„ 

CH, CH ' 

65 

OH 

O 


(V 

^C.H, 

69 

OH 

O 


Ob 

0 

ob 

55 

I 

^ CH 

ca H OT , 

ox, 

78 


ca° 

62 

O 

l 

o 

o 

X 


O^, 

Ou ‘ :Hj 

41 

" Reference 343. 



3.8. Oxidation of Hydroxy Compounds 



3.8.1. Alcohols 



Primary alcohols are oxidized by oxochromium(VI) compounds to aldehydes which 

may be further oxidized to the corresponding carboxylic acid. 

Moreover, a side reaction 

between the aldehyde and unreacted 
hemiacetal. 344 

alcohol can lead to 

ester formation via the 

O 

H 

O 

|| 

R-CH,OH + R-C-H ^ R- 

| 

•C OCH P Cr,v " . i 

t-C-O-CHjR (50) 



1 

OH 


The chromic acid (1) oxidation of secondary alcohols to ketones can be complicated by 

cleavage. It appears that alkyl phenyl carbinols generally 

give larger amounts of 

OH 

o 

O 

| 

C 6 H 5 -C-C(CH 3 ) 3 Cr,vl) >c 6 h 5 - 

II 

C — C(CH 3 ) 3 + C 6 H 5 — 

C-H + (CH 3 ) 3 C-OH 

1 

H 


(51) 






Oxidation by Oxochromiumi VI) Compounds 


69 


cleavage . 345,346 This cleavage is reduced to 6 % when the reaction is conducted in aqueous 
acetone and is completely surpressed on addition of oxalic acid. This method leads to a 


OH 


C 6 H 5 -C-CH,C 6 H 5 


HiCrO*. CHiCOCHi. 
H;0(C00H I; 


o 

II 

c () h 5 -c-ch,c 6 h 5 


(52) 


quantitative yield of 120 from the oxidation of 1 , 2 -diphenylethanoi and much improved 
yields of 122 from the oxidation of 7-norbomol (121 ). 345 346 

O 

w 


121 122 

The oxidation of tertiary alcohols by chromium(VI) involves initial acid catalyzed 
dehydration to give the respective aikene, which is then oxidized . 347,348 

Table XXII shows representative examples of the aqueous chromic acid or chromic acid 
in aqueous acetic acid oxidation of primary alcohols to aldehydes and carboxylic acids . 34 *" 368 

The oxidation of secondary alcohols to ketones with chromium trioxide in acetic acid or 
aqueous acetic, dichromate ion in aqueous sulfuric acid, and dichromate ion in aqueous sul¬ 
furic acid added to the alcohol in acetone solution has been summarized by Wiberg . 369 

The Jones reagent in acetone is a rapid and high yield method for oxidizing alcohols. 
This procedure oxidizes primary and secondary alcohols in the presence of a double or triple 
bond without attacking the unsaturated centers [Eqs. (53), (54 )]. 54 Jones reagent oxidizes 
benzyl alcohol to phenylmethanal (76%) 55 and cyclooctanol to cyclooctanone 
(92%—96%) 310 in excellent yields. 

Jones reagent cleaves tertiary cyclobutanols to 1,4-ketols or 1,4-diketones 
[Eqs. (55)—(57 )]. 371 Fieser's reagent oxidizes cyclic tertiary alcohols to long-chain keto acids 
in excellent yields . 496 




CH, 


CHji 


HO 


123 


O' 



124 


(53) 


ch=ch-ch 2 oh 


125 


Cd 


OH 

(CH,),CH, 


O 

CH=CH—C—H 


126 


O 



CH,) 3 CH, 


(54) 


(55) 


127 


128 
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TABLE XXII. Chromic Acid Oxidation of Primary Alcohols 


Product 

Yield (%) 

Ref. 

Product 

Yield (%) 

Ref. 

Methanal 

72 

349 

Citral 

42 

359 

Propanal 

49 

350 

3,3,3-Trifluoropropanai 

57 

360 

2-Methylpropanal 

64 

351 

2-Chloro-6-mtrobenzaidehyde 

87 

369 

2-Methylbutanai 

52 

352 

1 -Naphthaldehyde 

42 

362 

3-Methylbutanai 

60 

353 

4-Methyl-1 -naphthaldehyde 

84 

363 

Pentanal 

50 

354 

2-Thiophenecarboxaldehyde 

65 

364 

Cyclohexanecarboxaldehyde 

35 

355 

3-Fluoropropanotc acid 

80 

365 

2-Pentenal 

50 

356 

4-Fluorobutanoic acid 

75 

366 

2-Hexenal 

50 

356 

2-Methylbutanoic acid 

52 

367 

2-Heptenal 

75 

356 

Heptanoic acid 

70 

368 

4-Octenal 

35 

358 




2-Nonenal 

50 

356 




Propargyl aldehyde 

46 

358 





The Jones reagent oxidations of /Thydroxysteroids , 372 8-hydroxy-3,4-tetrafluoroben- 
zobicyclo[3.2.1 ]octadienes , 373 allyl alcohol , 319 and /i-ayrin and its acetate 374 have been 
reported. 

Chromium trioxide ( 1 .0-2.0 equiv) in a mixture of dichloromethane and diethyl ether 
(3:1) is useful for oxidation of alcohols to carbonyl compounds [Eqs. (58M60)]. 84 Benzyl 
alcohol is converted to benzaldehyde in 75% yield by this reagent. The yields are higher and 
workup simpler if Celite is added. 


OH 


CH 3 , 

pVj-(CH 2 ) 3 CH 3 


CH, 


48% 


129 


CH, CH, 


OH 


CH 




-CH, 


O 

131 


62% 


CH 


HO 



123 


9 

OH 

133 


OH O 

1 II 

ch_,-ch-c-ch 3 

135 



CH, CH, 

o 

01,11 II 

O 

132 



134 


O O 

II H 

ch 3 -c-c-ch 3 

136 


(56) 


(57) 


(58) 


(59) 


(60) 
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The oxidation of secondary alcohols in diethyl ether with aqueous chromic acid (1) is a 
convenient procedure for the preparation of ketones (85%—97%) in high epimeric purity . 376 

Chromic anhydride-hexamethylphosphoric triamide (HMPT) oxidizes primary 
(~80%) and secondary alcohols to carbonyl compounds .* -84 Highest yields are obtained 
with a,/?-unsaturated primary and secondary alcohols and lowest yields are obtained with 
saturated secondary alcohols. Examples are shown in Eqs. (61) and (62). 


o 

O O 


-s-ch 2 ch=chch,oh - 

II 1 

|| || 

— c 6 h 5 -s-ch 2 ch=ch-c-h 

(61) 

O CHj 

O CHj 


137 

138 


OH 

O 


j 

C 6 H 5 —CH —C 6 H 5 

|| 

_c 6 h 5 -c-c 6 h 5 

(62) 


139 140 

The final step in the synthesis of strophanthidin requires selective oxidation of the 
primary hydroxyl group of 141 to an aldehyde group . 85 Although attempts to oxidize 141 
with chromic acid (1) or PCC (7) were unsuccessful, chromic trioxide in HMPT oxidized 
141 to strophanthidin in 35% yield. 



Phenylmethanol and its derivatives are converted to the corresponding phenyimethanais 
by use of chromic trioxide in dimethyl sulfoxide. 377 

The chromic acid (1) oxidations of amino alcohols (to amino ketones), 
[ 3,2 jpropellanols , 379 and some substituted 2 -hydroxymethylphenethyl alcohols 380 have been 
reported. 

Chromic acid (1) adsorbed on silica gel is useful for oxidation of primary and secondary 
alcohols to aldehydes and ketones (80%-90%), respectively . 87 

Chromic anhydride intercalated in graphite is a very specific oxidizing agent for con¬ 
verting primary alcohols to the corresponding aldehydes (70%—100% ). 4 ' -79 Secondary and 
tertiary alcohols are not oxidized. 1,2-Diols are oxidized with cleavage to give carbonyl com¬ 
pounds. Residual chromium salts are retained in the lattice of the graphite. 

A supported form of chromic acid (1) is prepared by reaction of the chloride form of an 
anion exchange resin in water with chromium trioxide to obtain a hydrogen chromate form 
of the resin, which oxidizes primary and secondary alcohols in high yield (85%-95%). 39 The 
chloride form of the resin is regenerated by wash with sodium hydroxide and hydrochloric 
acid solutions. 

The oxidation of unsaturated primary alcohols by coordinated chromium trioxide has 
been described . 381 
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Applications of chromic acid-celite columns to micro- and semimicro preparation of 
fatty aldehydes have been described. 382 

Potassium dichromate in glacial acetic acid appears to be superior to dichromate in 
acetic or chromium trioxide for the oxidation of saturated alcohols. 383,384 

Cyclobutanols and cyclobutanones are oxidized by potassium dichromate in aqueous 
sulfuric acid to y-butyrolactones [Eqs. (61 >-(63)] in yields of 50%-90%. 385,386 Acetic acid is 
added if necessary to effect solution and the oxidation is not applicable to larger cyclic 
ketones. 


CH 





K,Cr,0, 

H I sb,.H,0 

53% 



142 


143 




(63) 


(64) 


(65) 


A rapid and selective method for the oxidation of primary alcohols to aldehydes by 
dichromate in two-phase systems 46,47 has been discussed. 290 

Dichromates adsorbed on various inorganic supports (Si0 2 , A1 2 0 3 , Florisil, and MgO) 
were tested for heterogeneous oxidation of alcohols. Benzylic alcohols are preferentially 
oxidized as confirmed by the selective oxidation of 1-phenyl-1,3-propanediol to 3-hydroxy-3- 
phenylpropanal. 387 

Chromyl acetate (2) oxidizes benzhydrols to benzophenones in greater than 90% 
yields. 22,60,64,66 

Chromyl chloride (3) and 3 equiv of pyridine in dichloromethane at —78°C oxidized 
primary saturated alcohols to aldehydes (78%-99%). 73 When this reagent was modified by 
addition of 2 equiv of /-butanol, a new reagent, possibly 4 or its pyridine adduct 148. was 
formed. Reagent 148 is a milder oxidant than the chromyl chloride-pyridine complex 
(Table XXIII). Although 148 is less effective than the Collins reagent for the oxidation of 
allylic alcohols, it is useful for oxidizing simple saturated primary alcohols. 


CH, 

2 CH, —C —OH + 3 
I 

CH, 



I CH.CU. -78 C 
2. CrO.CI. 


OC(CH,), 

Cr 

O V OC(CH,) 3 

148 



( 66 ) 


Chromyl chloride (3) absorbed on Si0 2 -Al 2 0 3 is useful for oxidation of alcohols to car¬ 
bonyl compounds. 7,78,80 The yields are comparable to those obtained with other oxidants, 
but has the convenience shown by other chemisorbed reagents on an inert support. 

The oxidation of primary and secondary alcohols by //'//-butyl chromate (4) has been 
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TABLE XXIII. Oxidation of Alcohols to Aldehydes or Ketones by Reagents Derived 

from Chromyl Chloride" 


Alcohol 

Oxidant, yield (% 

CrO,Cl, (3) 

) 

148 

1 -Decanoi 

_ 

84 


— 

79 

l-Dodecanol 

94 

99 

Citroneilol 

87 

93 


— 

84 

Geraniol 

87 

100 

2-Methyi-2-phenylpropanoi 

— 

86 

Phenvlmethanoi 

85 

100 

Cyclohexyimethanol 

90 

99 

Cyciododecanol 

99 

97 

Cinnamyi alcohol 

78 

86 

Pinocarveol 

82 

60 

3-( Hydroxyphenyl (methanol 

0 

38 


“ Reference 73. 


reviewed. 388 This oxidant in petroleum ether oxidizes, primary alcohols to aldehydes in 
excellent yield (80%-94%). 70 The oxidation of secondary alcohols also proceed in good to 
excellent yields. 

The chromium trioxide-pyridine complex (Sarett reagent, 5), which may be hazardous 
to use, oxidizes alcohols to carbonyl compounds in good to excellent yields without 
oxidizing other functional groups. 25 ' 27 

The Cornforth reagent (chromium trioxide-pyridine-water) is less tedious to prepare 
than the Sarett reagent (5) and is useful for oxidizing alcohols to carbonyl compounds. 89 

The oxidation of 3a,5a-cyclochoiest-7-ene-6-ol (149) to ketone 150 (80%) has been 
accomplished with chromium trioxide in pyridine-dichloromethane (1:3.6). 88 



OH O 

149 150 


A pyridine-hydrogen chloride complex (1:1) with chromium trioxide in 
dichloromethane oxidizes the unsaturated alcohols (151) to the corresponding ketones (152) 
in 44%-78% yield). In 151, R = Me, Pr, CH(CH 3 ) 2 , C 6 H 5 ; R, = H, CH 3 ). 389 

H O 

I II 

HO —C-C = C —C = CH,-► R—C —CsC —C = CH, (68) 

II' I 

R R, R, 

151 152 

PCC (7) oxidizes a wide variety of alcohols to carbonyl compounds in dichloromethane 
solution with high efficiency. 32 This reagent is more economical and convenient than the 
Collins reagent which uses 6 times as much solvent and four times as much oxidizing agent. 32 
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Table XXIV shows a few examples of the PCC (7) oxidation of alcohols. A larger com¬ 
pilation appears in Ref. 193. 

PCC in dichloromethane containing 2% pyridine at 2°C selectively oxidizes steroidal 
allylic alcohols to ketones. 390 " 392 If experimental conditions are carefully controlled, this 
procedure may be more desirable than the commonly used manganese dioxide oxidation of 
allylic alcohols. 393 




(69) 


The mildly acidic character of PCC (7) can usually be altered for acid-sensitive groups 
with powdered sodium acetate. Thus, the oxidation of 5a-cholest-8( 14 )-ene-3/?,7a, 15a-triol 
(153) with buffered PCC gives 155 while PCC (7) oxidizes 153 to 156 [cf. Eq. (67)]. 390 " 392 




PCC (7) converts allylic tertiary alcohols into a,/)-unsaturated aldehydes 
(Table XXV ). 307 - 394 - 395 The absence of diene products is remarkable in view of the slightly 


TABLE XXIV. Pyridinium Chlorochromate (PCC, 7) Oxidation of Alcohols" 


Alcohol 

Product 

Yield (%) 

1-Decanol 

Decanal 

92 

1,6-Hexanediol 

Hexanedial 

68 

Diphenylmethanol 

Benzophenone 

100 

4-/-Butylcyclohexanol 

4-/-Butylcyclohexanone 

97 

Oct-2-yn-l-ol 

Oct-2-ynal 

84 

1-Heptanol 

Heptanal 

78 

Citronellol 

Citronellal 

82 

(Z) —HOCH.CH =CHCH.OTHP 

(E) - CHOCH = CHCH 2 OTH P 

81 

CH, O 

CH^O-V’ 0 " 

CH, O 

X 1 CHO 

CH, o-^y 

85 

CH, 

CH, 


CHj CH 2 OH 

i J i 1 

CH 3 CHO 


«V‘» 

R 'V"'H 

78 

X H 

A H 


R CH, 

R CH, 


R = (CHj) 2 C = CHCH,CH 2 C(CH,) = CHCH,CH,- 



(Presqualene alcohol) 




0 Reference 32. 




Oxidation by OxochromiumI VI) Compounds 


75 


TABLE XXV. Unsaturated Carbonyi Compounds from the Pyridinium Chlorochromate 
(PCC, 7) Oxidation of Tertiary Allylic Alcohols 


Substrate Product Yield (%) Reference 



" Mixture of E. Z dtastereomers. 


acidic character of 7 and of the sensitivity of tertiary vinylcarbinols towards dehydration. 
Cyclic tertiary allylic alcohols gave transposed 3-alkyl-a,/?-unsaturated ketones which are 
useful in the synthesis of natural products. 394 

PCC (7) oxidizes tertiary cyclopropylcarbinols to the corresponding /?,y-unsaturated 
ketones [Eq. (68)]. 396 The net effect of this oxidative rearrangement is an efficient procedure 
for obtaining 1,4-carbonyl transposition since the starting tertiary alcohols are available from 
the addition of cyclopropyl organometallic reagents to ketones. 



PCC (7) absorbed on alumina is a suitable reagent for the oxidation of alcohols to 
aldehydes and ketones. 397 The workup of this procedure is less difficult than that of 7. This 
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easily prepared reagent is a clean oxidant and the workup is a mere filtration. The yields of 
aldehydes and ketones are high (Table XXVI). 

The insoluble reagent poly[vinyi(pyridinium chlorochromate)], PVPCC, 14), which is 
prepared easily from cross-linked poly(vinylpyridine) resins by reaction with chromic 
anhydride and hydrochloric acid, has a capacity of 3.5—3.9 mmol of chlorochromate per 
gram. 397 It (14) is useful in the oxidation of alcohols to carbonyl compounds. This highly 
efficient oxidant has other advantages which are associated with its insolubility and with the 
quantitative recovery and regeneration of the spent resin. After several regenerations, the 
reagent is still as reactive as the original material. The oxidant is effective in the oxidation of 
various types of alcohols: allylic, benzylic, secondary, or primary, as shown in Table XXVII. 

The more neutral character of pyridinium dichromate (PDC, 8) 33 ' 35 ' 398 is preferable to 
the mildly acidic PCC (7) for oxidations involving acid sensitive products or reactants. This 
oxidant is probably the oxidizing species present in the Sarett (5) 23 ' 25-28 and Cornforth 89,90 
oxidizing mixtures. Owing to the unstable character of Collins reagent (6), 29 " 31 which 
behaves as though it is neither markedly acidic nor basic, PDC (8) is the reagent of choice 
for the oxidation of alcohols to carbonyl compounds, and in some cases, to carboxylic acids 
(Table XXVIII). 33 

PDC (8) may be used in dichloromethane (nonaqueous workup) or dimethylformamide 
(aqueous workup with extraction). Equation (71) shows that the results of a given oxidation 
may be different in the two solvents. 


nu nu nu 



TABLE XXVI. Oxidation of Alcohols to Aldehydes and Ketones with Pyridinium 
Chlorochromate (7) Absorbed on Alumina" 


Alcohol 

Solvent 

Ratio of 
oxidant/ 
alcohol 

Yield (%) 

Oxidation by other methods 

Reagent 

Yield (%) 

Carveol 

n — C$H |4 

1.6 

93 

Pyridinium 

82 





chlorochromate 


2-Ethylhexanol 

n — C 6 Hj 4 

2.5 

87 



Furfuryl alcohol 

C e H 6 

2.5 

45 

CrOj/pyridine 

46 





complex 


Menthol 

n — C 6 Hj 4 

2.5 

94 

CrO, 

94 

Tetrahydrogeraniol 

n ~ C 6 H|4 

2.5 

80 



Citronellol 

n — C 6 H t 4 

3 

82 

Pyridinium 

82 





chlorochromate 


2-Methylcyclohexanol 

n —C 6 Hj 4 

2.5 

83 

CrOj 

80 

Cinnamyl alcohol 

c«h 6 

2 

84 

CrOj/pyridine 

81 





complex 


Isopulegol 

/I —(J 6 H|4 

2.5 

81 



Cholesterol 

c«h 6 

3 

80 

CrOj/pyridine 

64 





complex 



u Reference 397. 
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TABLE XXVII. Oxidation of Alcohols to Carbonyl Compounds by PVPCC (14)“ 


Substrate 

Product 

Yield (%) 

n—C«H,—OH 

n —C,H 7 —CHO 

90 

«-C 6 H i3 -OH 

n —C 5 H u —CHO 

91 

c 6 h 5 ~ch,-oh 

c„h 5 -cho 

95 

c 6 h 5 -ch=ch-ch 2 -oh 

c 6 h,-ch=ch-cho 

100 

CH, 

CH, 


/ 

O 

X 

1 

0 

X 

_ „ ^ C = 0 

96 

QH, 

QH,' 


OH 

O 


6 

6 

86 

OH 

o 


6 

6 

94 

CH, 

CH, 


CH; CH — OH 

>=o 

61 

C-CHy 

/r-CH, 



CH, CHj 


rt —C,H, 

«-C,H, 


^CH-OH 

y 

o 

II 

o 
/ \ 

[ 

86 


C 2 H, C,H, 


CH, 

CH, 


S CH-OH 

C„H,' 

,C-0 

-C.H,' 

76 


" Reference 97. 


TABLE XXVIII. Oxidation of Alcohols to Carbonyl Compounds and Carboxylic Acids 

with PDC (8)“ 


Alcohol 

Solvent 

Product 

Yield (%) 

1-Decanol 

CH.Cl, 

Decanal 

98 

1-Hexadecanol 

CH.CL 

Hexadecanai 

94 

Citronellol 

CH ,C1; 

Citronellal 

92 

Phenylmethanol 

CHjCL 

Phenylmethanal 

83 

4-/-Butvibenzyl alcohol 

CHiCl, 

4-t-Butylbenzaldehyde 

94 

4-f-ButylcycIohexanol 

CH;C1; 

4-/-Butylcydohexanone 

97 


DMF 

4-/-ButyIcyclohexanone 

94 

2-Cyclohexenol 

DMF (0°C) 

2-Cyclohexenone 

86 

Cinnamyl alcohol 

DMF (0°C) 

Cinnamaldehyde 

97 

Geraniol 

DMF I0 J C) 

Gerianial 

92 


DMF (25’C) 

3,7-Dimethyloct-7-enoic 

acid 

93 

Cyclohexylmethanol 

DMF (25=C) 

Cyclohexanecarboxylic 

acid 

84 


Reference 33. 
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Under mild and simple conditions. PDC (8) oxidizes a-ynol-I, complexes to a,/?- 
unsaturated ot-iodo-aldehydes (162, 30%-66%). 399 


R, CsCH 

\ / 

R C OH 


1. \ 2 
2. PDC 


O 

II 

R, C-H 

c=c 

R / X I 


162 


(72) 


Treatment of a primary or secondary alcohol in dichloromethane or acetone with a 2:1 
to 4:1 excess of the 2,2'-bipyridinium chlorochromate complex (BiPy • HCrOjCl, 9) 36,37 
affords a solution of the corresponding carbonyl compound plus a water-soluble crystalline 
chromium-containing by-product which can be completely removed by filtration through a 
1-cm Celite pad (Table XXIX). 37 

A 2,2'-bipyridine analog of the Collins reagent was also evaluated. The 2,2'-bipyridine- 
chromic anhydride adduct [BiPyCr0 3 ] could be prepared in a manner analogous to the 


TABLE XXIX. Oxidation of Alcohols to Aldehydes or Ketones Using 2,2'-Bipyridinium 
Chlorochromate (BiPy • HCr0 3 Cl, 9)" 


Substrate 


Product 


Yield (%) 


r-C,H„-OH 

n-C 12 H 2! -OH 


CH, 


OH 


CH, CH, 


n-C,.H,,—CHO 
n —C i2 H 25 —CHO 


CH,? 
X—H 


82 

37 


93 


CH, CH, 


OH 
CH', CH, 
OH 


OCOC*H, 

s ch 2 -oh 


ch 2 oh 

6 


ch=ch-ch 2 -oh 


CH,0. 

CH,0 


ch 2 -oh 


OCH, 


O 

CH', CH, 
O 


OCOC.H, 

^S^C-H 


CHO 


6 


a 


CH=CH—CHO 


CHiO-^yCHO 

ch,o' J< t 

OCH, 


86 


83 

79 

79 

65 

68 


' Reference 37. 
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pyridine complex. 37 The resulting brown crystalline adduct appears to be a much milder 
reagent than the pyridine complex. More polar solvents (ethyl acetate) and long reaction 
times (48 h) as well as large excesses of reagent (6-8 equiv) are necessary to achieve optimum 
oxidation. 

Oxidation of primary and secondary alcohols with tetra-n-butylammonium chromate 
(12) 8 ' 38 provides some interesting features including reactivity, homogeneous conditions, 
selectivity, and utilization of moderately acidic conditions. This salt (12), which is easily 
prepared, is very soluble in chloroform and dichloromethane. Tetrahydrofuran may be used, 
but not benzene or ether. 38 Table XXX shows that 12 oxidizes alcohols in good yields. 

The reaction of 12 with a tertiary allylic alcohol such as nerolidol (163) in a 4:1 molar 
ratio gave rise to a 60:40 mixture of isomeric farnesals (164, 87%). 38,307 These results may be 
compared with the products from the PCC (7) oxidation of allylic alcohols [Eq. (69), 
Table XXV], 


H 



163 164 


The desire for mild oxidizing agents which are soluble in organic solvents has led to the 
development of neutral bis-tetra-n-butylammonium dichromate (TBADC, 13 ). 9596 TBADC 


TABLE XXX. Oxidation of Primary and Secondary Alcohols to Carbonyl Compounds by 
Tetra-n-butylammonium Chromate (12) in Chloroform" 1 


Alcohol 

Product 

Yield (%) 

C 6 H s CH 2 OH 

C 6 H,CHO 

81 

(C 6 H 5 ) 2 CH-OH 

(C«,H 5 ) 2 C = 0 

91 

c 6 h 5 -ch =ch -ch 2 -OH 

c„h 5 -ch=ch-cho 

90 

c 6 h 5 -ch=ch-ch-oh 

c 6 h 5 -ch=ch-c=o 

j 

88 

1 

ch 3 

CH, 


QH, -CH =CH -CH -OH 

c 6 h 5 -ch=ch-c=o 

1 

92 

C,H, 

c 6 H 5 


ch,o 

CH,0 


ch, ° \ZV cHjOH 

CHiO-Z^-CHO 

75 

CHjO^ 

CHjOi 


a 

a 

43 

N CH,OH 

N CHO 


CH, 

CH, 



rfip 

76 





- Reference 38. 
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(13) can be used in refluxing dichioromethane for the oxidation of allylic and benzylic 
alcohols. 96 


R, H 

\ ^ 13 

c=c^ —— 

K V CH : OH 

165 R = C 6 H,„ R, =CHj 

166 R = C,|H| 9 , R, =CH, 

167 R = C 6 H 5 ,R, = H 


OH 


I 

R-C-H 



X 


168 X = R = H 

169 X = 4 —Cl, R = H 

170 X = 4 —OCH 3 , R = H 

171 X = 4 —NO,, R = H 

172 X = H, R=CH, 

173 X = H, R=C0 2 C 2 H 5 


R, H 

\ / 

C = C O 
/ \ s 

R C 


78% H 
82% 
80% 


O 


C-R 


90% 

85% 

80% 

84% 

80% 

86 % 


(74) 


(75) 


Dichromate in benzene (Orange Benzene) without added acid is a very mild, effective, 
and selective oxidant in the oxidation of conjugated alcohols to the corresponding carbonyl 
compounds at 55 °C. 400 Aliphatic alcohols are oxidized sluggishly under the same conditions. 
The respective yield of aldehyde or ketone from the dichromate in benzene oxidation of 
phenylmethanol, 1-phenylethanol, cinnamyl alcohol, decanol, 2-octanol, and cyclododecanol 
is 82%, 80%, 91%, 6%, 33%, and 45%. 400 

Although the chromic acid (1) oxidation of ethane-1,2-diol gave only l%-2% cleavage, 
carbon-carbon bond scission appears to increase with increasing alkyl substitution 
[Eq. (8)]. 1,6 ' |i>7 

Aqueous or nonaqueous chromium(VI) oxidizes 1,4-diols (174) to y-lactones (175) in 
good yields. However, the stereochemical barrier in 176 precludes cyclization, and the trans- 
dialdehyde 177 is formed. 401 1.6-Diols also undergo an oxidative cyclization of this type. 402 

O 

(76) 

175(60%) 

O 

Q3K-• Y"h ,771 

ii 

o 

176 177 


r^r° H 

I-1_OH 


Preliminary studies of the chromyl chloride (3) oxidation of benzpinacolyl alcohol, 
methyl-/-butylcarbinol, and r-butylphenylcarbinol in different solvents have been 
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reported.*' 16 ' 403 It has been found in dry carbon tetrachloride that chromyi chloride (3) 
reacts with pinacol. benzpinacol. meso- and racemic hydrobenzoin to give 1:1 chromyi 
chloride:glycol adducts. 196 


3.8.2. Carbohydrates 

The application of chromium! VI) oxidations to carbohydrates has generally been 
limited to the use of the chromium oxide-pyridine complex and to chromium oxide in acetic 
acid. 404 The chromium oxide-pyridine complex has been used with some success for the 
oxidation of alditol derivatives, 405 407 and in some furanoid and pyranoid systems. 408 ' 410 

Pyridinium chlorochromate (PCC, 7) has been successfully applied to the oxidation of a 
hexopyranoside 411 and to the oxidation of isolated secondary hydroxyl groups in both 
furanoid and pyranoid systems. 412 The use of molecular sieves with PCC (7) leads to a quick 
and complete oxidation of nucleosides. 413 It appears that this new procedure constitutes an 
alternative to the PCC (7) oxidation of carbohydrates in refluxing benzene. 412 The com¬ 
bination of PDC (8) and molecular sieves has a wider field of application as shown by the 
oxidation of small molecules like benzhydrol and veratryl alcohol. 413 


3.8.3. Phenols 

On treatment with aqueous potassium dichromate, p-cresol and cresol readily undergo 
nuclear oxidative coupling. The yields of dimeric and trimeric cresols and of dimeric ketones 
are the same as those of preparation by one-electron oxidants. The yields are tripled when 
manganous sulfate is added. The probable mechanism of the coupling reaction of phenols in 
aqueous potassium dichromate has been discussed. 414 

The reaction of chromyi chloride (3) with various phenolic compounds yields brown 
solids which in general do not have stoichiometric compositions. 415 The hydrolysis of these 
solids gives tars and/or varying yields of the 1,4-benzoquinones. The presence of chlorine in 
the positions ortho to the phenolic oxygen results in increased yields of the quinone. Thus, 
while 2,6-dichlorophenol and 2,4,6-trichlorophenol gave good yields of the corresponding 

1.4- benzoquinones and pentachlorophenol gave a yield of chloranil in excess of 70%. phenol 
gave only traces of 1,4-benzoquinone and 2-chlorophenol gave only a small yield of 2-chloro- 

1.4- benzoquinone. 415 

It has been shown that the oxidation of alkyl phenols with chromyi chloride (3) gives 

1.4- benzoquinones, in yields which depend on the mole ratio of reactants, the position of the 
substituent on the ring, and the nature of the alkyl substituent. 416 When the reaction was 
carried out in carbon tetrachloride or carbon disulfide, a nonstoichiometric solid contained 
the 1,4-benzoquinone coordinated onto the reduced chromium species was observed. 417 For 

2.5- disubstituted phenols the yield of quinone increases across the sequence methyl, 2-propyl, 
and /-butyl (15%, 42%, and 83%, respectively), while for 2,6-disubstituted phenols the 
increase is smaller (48%, 56%, and 69%, respectively). The presence of an alkyl group in the 
4-position does not enhance the formation of ortho quinones. 

The oxidation of 2,4,6-tri-/er/-butylphenol (178) and several other alkyl and 
halophenols by chromyi chloride (3) has been studied. 418 The products are mostly quinones 
and diphenoquinones. The product distributions are interpreted in terms of a mechanism 
involving phenoxy radicals ligand transfer from metal to radical, and either phenoxonium 
ions or metallate esters where there is sufficient electron withdrawal from the organic group. 


* It has been reported without experimental details that chromyi chloride (3) oxidized 1.1,2,2- 
tetramethylethanol to acetone (4.5%) and to 3,3-dimethyI-2-butanone (23%), and I.1,2,2- 
tetraphenylethanol to 9,10-diphenylphenanthrene in 80% yield. 16 /-Butyl alcohol is inert to chromyi 
chloride (3). 196 
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OH 

/ —/-Bu 


O 


O 


O 


Bu —/ / —Bu 


.O 

+ 


Bu 


Bu —/ 


/-Bu 


178 


O 


/-Bu 


Cr/-Bu 


Cl 


OH 


Bu —/ 


/-Bu 


(78) 


3.9. Oxidation of Ethers 

Alternariol trimethyl ether (179) undergoes an exothermic reaction with chromium 
trioxide in glacial acetic acid to give 180 (25%) and 181 (8%). 419 The required selective 
oxidative loss of a single carbon atom from ring B of 179 appears to constitute a novel 
addition to the various known types of oxidations of alkyl aryl ethers. 420 



Jones reagent rapidly oxidizes a variety of benzyl ethers (182) to ketones, benzoates 
(184), and benzoic acid. 421 The products apparently arise by initial formation of a hemiacetal 
(183), followed by oxidation to the ester, ketone, and benzoic acid [Eq. (80)]. Table XXXI 
shows the yields of products from the Jones oxidation of benzyl ethers. 421 

OH O 

I II 

RR,CHOCH 3 C 6 H 5 -► RR,CHOCHC 6 H 5 -► RR,CH —O —C —C 6 H 5 (80) 

182 /* 183 184 


O 

II 

RR,CHOH + C 6 H 5 CHO-. R-C-R,+C 6 H 5 CO,H 


Other chromium(VI) compounds have been examined for the oxidation of benzyl 
ethers. 421 Although Collins reagent oxidizes alcohols to ketones in 15 min without affecting 
benzyl ethers, 28 2-octyl benzyl ether gives 2-octanone (24%), 2-octyl benzoate (20%), and 
45% starting material after 15 min. Pyridinium dichromate (PDC, 8) does not affect the 
benzyl ether of 2-octanol over a 16 h period, 421 and chromium trioxide in glacial acetic acid 
yields esters from ethers. 422-424 

Oxidation of 2-methoxy- and 2,7-dimethoxy-10H-phenothiazine (185 and 186) with 
potassium dichromate in glacial acetic acid gave the corresponding phenothiazinones (187 
and 188). 425 Other methoxyphenothiazines were similarly oxidized. 
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TABLE XXXI. Jones Oxidation of Benzyl Ethers to Acids. Esters, and Ketones u 




Products, yield (%) 


Ether 

Ketone 

Benzoate 

Benzoic acid 

CH 6 (CH,) 5 CH(CH,)OCH,C 6 H s 

CH, 

79 

21 

61 

6. 

57 

28 

53 


^"'OCHjQH, 
CH, CH, 


C 6 H 5 CH(CH,)OCH,C 6 H 5 

56 

21 

52 

CH, CH, 

och,c 6 h, 

63 

24 

47 

(^-OCHjC.H, 

16 

40 

16 

CH, 




Y'"OCH ; C,H, 

CHf* 

30 

32 

31 


“ Reference 421. 


R 


N 1 


185, R = H 


OCH, 

OH 


187, R = H 


OCH, 


186. R = OCH , 


188. R = OCH j 


(81) 


The chromyl chloride oxidation of ethers gave various products (ketones, alcohols, 
chlorides), depending on the nature of the substituents. 426 

Chromyl chloride (3) selectively oxidizes enynes (189, R = CH 3 , C,H 5 , C 4 H 9 ) to the 
respective aldehyde derivatives (190) in 32%—35% yield. 427 


CH 3 


CH, 


R_O-C—CsC—CH=CH 

I 

CH, 


R — O — C — C = C — CHC1CHO 


CH 3 


(82) 


189 


190 


f-Butyl chromate (4) oxidizes keto spiroethers (191, 192, 193) to lactones (194, 40%; 
195, 48%; 196, 30%). 428 Oxidation occurred selectively at the position alpha to the ether 
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oxygen. The fact that the 19-norsteroid 191 was not noticeably aromatized under the reac¬ 
tion conditions indicates that the method is reasonably specific. 



191 Y = H 2 192 R = CHj,Y = H 2 

194 Y = 0 193 R = H, Y = H 2 

195 R = CHj, Y = 0 
1% R = H, Y = 0 


Pyridinium chlorochromate (PCC, 7) oxidizes linear and cyclic enol ethers to esters and 
lactones with high efficiency. 202 This oxidation is the first example of the direct conversion of 
enol ethers to esters or lactones (Table XXXII). 


H x / H ? 

C = C —£££— R—CH.-C —OR, (83) 

R y X OR, 


An unusual regiospecificity of PCC (7) is shown in its oxidation of 5-bromo-2-furylcar- 
binols (197) to y-hydroxybutenolides (198) 429 or of 5-methyl-2-furylcarbinols (199) to the 
biologically important ring enlarged products 200 [cf. Eq. (10)]. 19S The formation of 200 


R 



OH 

197 198 


with PCC (7) is preferable to the procedure using w-chloroperoxybenzoic acid as 
oxidant. 194,430 Oxidation occurs at the furan ring in spite of the presence of the secondary 
alcohol group. Table XXXIII summarizes some of the products from the PCC (7) oxidation 
of furans. 


CH, O 

OH 


199 


PCC 


HO 


O' 
CH 3 
200 


O 

R 


(85) 


TABLE XXXII. PCC (7) Oxidation of Enol Ethers to Esters or Lactones 4 


Enol ether 

Product 

Yield (%) 

5-Cholesten-3/J-vinyl ether 

Cholesteryl-3/i-acetate 

95 

5a-Pregnan-3/?-acetate-20-vinyl ether 

5a-Pregnan-3/?, 20-diacetate 

90 

Ethyl vinyl ether 

Ethyl acetate 

75 

2.3-Dihydro-4H-pyran 

(5-Valerolactone 

90 

2.3-Dihydrofuran 

y-Butyroiactone 

85 


Reference 202. 
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TABLE XXXIII. Oxidation of Furan Ring Systems by 
Pyridinium Chlorochromate (PCC, 7) 


Substrate 

Product 

Yield (%) 

Reference 


Hort° 

CH , O R 



OH 



R=CH, 


91 

195 

R = «—C 6 H,3 


94 

195 

R =CH,—CH =CH, 

R 

90 

195 


nXV'OH 
° O oh 



OH 




R = n — C,H n 


60 

429 

R=c—C 6 H n 


65 

429 

R — n C H 2 i 


75 

429 

CN-Oy" 

jr\ r 

o 2 n o"y 



OH 

o 



R = n — C<H|, 


77 

432 

R=n-C»H t7 


75 

432 

R =n — C l0 H 2 i 


75 

432 

R = n—C|,H 25 


85 

432 


Alkylfurans (201) undergo oxidative ring fission to ot./f-unsaturated-y-dicarbonyl com¬ 
pounds (202-204) in 60%, 90%, and 90% yield, respectively. 431 The initial product, which 
has the cis configuration, undergoes cis-trans isomerism due to heating or the acidic charac¬ 
ter of PCC. 


R 


jr\ 


201 



202, R = H, Ri =n —C| 2 H 25 

203, R = CH,, R, =n —C, 2 H 2 . 

204, R =CHj, R, =« — C 8 H|7 


( 86 ) 


If an electron attracting group deactivates the furan ring, oxidation occurs at the alcohol 
functional group [Eq. (86), Table XXXIII]. 432 


BrAr*Y' R 

OH 


AgNO,. f ^ R 

o 2 n^oY 

OH 


O 

I lAo 

0,N^O^ R 


(87) 


205 


206 


207 


3.10. Oxidation of Silyl Ethers 

Silyl ethers of hydroquinones (208) are important intermediates for the preparation of 
naturally occurring quinones. The deprotection of the quinone is easily accomplished with 
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PCC (7). 433 The reaction is easily performed in dichloromethane at 23-25°C 
(Table XXXIV). This procedure is more advantageous than the previously used oxidants 
(nitric acid or silver(II) oxide and ceric ammonium nitrate). 


O-R O 



O-R O 

208 209 


3.11. Oxidation of Carbonyl Compounds 
3.11.1. Aldehydes 

As indicated above, the chromium) VI) oxidation of aldehydes to carboxylic acids is not 
synthetically useful. Aldehydes are intermediates in the chromium)VI) oxidation of other 
functional groups. 


TABLE XXXIV. Oxidation of Silyl Ethers (208) to Quinones by PCC (7)° 


R 

X 

Y 

Yield (%) of 209 

(CH 3 ),Si 

H 

H 

99 

(CHj)jSi 

H 

CH 3 

62 

(CH 3 ) 3 Si 

H 

OCHj 

65 

(CH 3 ) 3 Si 

ch 3 

ch 3 

93 

(CH 3 ) 3 Si 

z-C 4 H, 

z-C 4 H, 

91 

ch 3 




1 

/ — C 4 H 9 — Si 

H 

ch 3 

90 


I 

CH, 

CHj 

I 


| 

H 

OCHj 

50 

ch 3 

ch 3 

! 

/—C 4 H 9 — Si 

1 

CH, 

ch 3 

O 

SC 

80 

ch 3 

1 

/—C 4 H 9 —Si 

ch 3 

z-C 4 H, 

/-C 4 H, 

99 


Reference 433. 
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3.11.2. Ketones 

The chromic acid (1) oxidation of cyclobutanones to gamma lactones has been 
described above [Eqs. (63H65)]. 385 ' 386 ' 434 


3.12. Oxidation of Carboxylic Acids and Their Derivatives 


3.12.1. Carboxylic Acids 

The results of the chromium(Vl) oxidation of aliphatic carboxylic acids have been 
reported. 435-437 

Chromium(VI) oxidizes a-hydroxy acids to carbonyl compounds. 438-441 

A convenient conversion of carboxylic acids into aldehydes has been described. 442 This 
method involves the rapid reduction of the carboxylic acid with borane-dimethyl sulfide 
(BMS), followed by oxidation of the resultant trialkoxyboroxine (210), without isolation, 
with PCC (7) in refluxing dichloromethane. This reaction is broadly applicable, tolerating 
many substituents, such as chloro, methoxy, nitro, cyano, and ester groups. It appears to be 
equally applicable to both aliphatic and aromatic carboxylic acids. The tolerance of 
borane-dimethyl sulfide (BMS) toward a wide variety of functional groups, combined with 
the mild nature of PCC as an oxidizing agent, makes this method simple, general, and, con¬ 
sequently, far superior to many of the procedures previously utilized. 443 


RCH 2 -Cf n D /0 —CH,R Y 

R-C0 2 H — bms -> j J — C > R-C-H (89) 

I 

o-ch 2 r 

210 

3.12.2. Esters 

Steroidal allylic acetates (211), which can form strongly resonance stabilized allylic 
cations (212), are oxidized smoothly by chromic acid (1) in acidic medium to the 
corresponding a,/?-unsaturated ketones (214). 444 Axial acetates are more reactive than the 
equatorial counterparts. The oxidation of 211 was also performed with Jones reagent, 
sodium chromate, chromium trioxide in acetic acid, chromium trioxide in acetic acid-sodium 
acetate, PCC (7), and chromium trioxide in pyridine. 444 


R—C = CH—CH — OAc 


R R 


H' 


+/H 


R—C=CH—C 

1 x 


R 


R 


211 


212 


H.CrO, 


(90) 


O 


II 

R—C=CH—C—R 

I 


H 


R —C = CH—C —O—CrO,H 
I I 

R R 


R 

214 


213 



88 


Fillmore Freeman 


The enol benzoate of 5a-cholestan-3-one (215) with sodium chromate in acetic acid and 
acetic anhydride gives l-oxo-5a-cholest-2-en-3-yl benzoate (216), which can be hydrolyzed to 
5a-cholestane-l,3-dione (217). 445446 This oxidation follows a path different than that of most 
oxidation of enol esters which takes place on the double bond itself rather than at one of the 
allylic positions. 447-449 



Application of the above oxidation system to several types of cyclic enol benzoates gave, 
in addition to allylic oxidation [Eq. (91)], a rearrangement to an a-benzoyloxy-ketone [218, 
Eq. (92)]. 446 Table XXXV shows that the yields and ratios of the allylic oxidation products 
and the rearranged ones vary greatly, and depend on electronic and steric factors. 446 


O 



O 

II 

o-c-c„h 5 


s o 


218 


O 


O 

II 

o-c— c 6 h 5 


(92) 


3.13. Oxidation of Nitrogen Compounds 


Chromium(VI) oxidants have also been useful for the analytical determination of 
hydrazine, 450 arylamines, 451 isonitroso groups, 452 catecholamines, 453 nitramines, 454 
indazolinones, 455 triazenes, 456 pentaaza-1,4-dienes, 456 and azoxy groups. 457 


3.13.1. Amines 

Benzoquinones have been obtained from the chromium(VI) oxidation of anilines. 458 The 
chromic acid (1) oxidation of V-alkylarylamines leads to aldehydes in yields up to 
37%. 459,460 

The effect of ozone on the oxidation of benzimidazole by hexavalent chromium com¬ 
pounds has been reported. 461,462 

The product previously identified as 2,3-dimethyl-6-nitroindole 2,3 epoxide (220) 463 
from the aqueous formamide chromic acid oxidation of 2,3-dimethyl-6-nitroindole (219) has 
been shown to be a mixture of 219 and V-(2-acetyl-5-nitrophenyl (acetamide (221). 464,465 




o 2 n 


ch 3 

-o 


CH, 


■X - 

OjN 


CH 3 

H 


o 2 n 


COCH, 

NCOCH, 

H 


220 


219 


221 


(93) 
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reactive tertiary C-H bond is not attacked at all, which is explicable in terms of steric 
factors. 468 




TABLE XXXV. Oxidation of Enol Esters with Sodium Chromate 4 


Enol ester 


Oxidation products, yield (%) 

OBz 


OBz 

O 

6 


cX 

£T 



(50%) 

(15%) 

OBz 


OBz 

O 

6 


c> 

O 

6°- 



(20%) 

(45%) 

OBz 


OBz 

O 

6 



6-“ 



(10%) 

(13%) 

BzO. 


o 

OBz 



n 



(10%) 

oc°0 


oco-O 

X, 

^y°co<I) 



(35%) 

(24%) 

OCOC.H.NO,-/; 

OCO„H«NO,- 

-P OCO,H 4 NO,-b o OCO.H.NOj —p 


(X 


^oco,,o,. ^ 


(14%) 

(12.4%) 

(10.1%) (22%) 

OBz 


O 

O OBz 

06 


oX 08 '. 

otr* 06 



(38%) 

(19.5%) (8%) 

OBz 


O 

O 



ny* 

♦ rA 0 *' 



(40%) 

(50%) 


Reference 446. 
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Enol ester 


TABLE XXXV. ( Continued ) 


Oxidation products, yield (%) 


CH, 

1 

C —OBz 

CH,OBz CH,OAc 

i 1 

o 

II 

-u 

O 

II 

-o 


6 

6 

6 



(45%) 

(47%) 


OBz 

OBz 

OBz O 

O 

v 


W 

r n ,fy n 


(27.7%) 

(37.3%) (12.2%) ( 43 %) 

OBz 

OBz 

OBz 

OBz 

6“' 

6C 

O^Me 

°tc 


(30.1%) 

(17.5%) 

(12.3%) 


OBz 

Me v 1 Me 


OBz 

MO. Me 


Me f Me 
Me^^Me 


OBz 

VS 

MeJ LMe 
Me'^Me 
(56%) 


Me v Me 


Me^-^Me 

(60.2%) 


O OBz 

.A .OBz 0^1 


Me Me Me Me 

(44%) (10%) (14.5%) (2.2%) 


Bu' Bu‘ Bu 1 

(18.6%) (31%) (21%) 


C 

Me CH, 


No products identified 
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3.13.2. Amides 


Arborine (229), the major quinazolinone alkaloid of G. arborea (Roxb.) DC. 
(Rutaceae), undergoes facile oxidation on brief heating with chromic acid (1) in glacial acetic 
acid to give glycorine (230, 78%) and glycosmicine (231, I4%). 469,470 The oxidation of a 
number of 1,2- and 2,3-disubstituted and 2-monosubstituted alkyl/aryl derivatives of 4- 
quinazolinone has also been studied. 470 


O 




CHj 

229a 


O 

II 

NH 

N^CHC 6 H 5 

CHj 

229b 



CHj 

230 


CH, 


231 


(97) 

The chromic acid (1) oxidation of indole- 1,2-dicarboxamides (232) led to 
imidazolidinetriones (233), which on hydrolysis with base gave the corresponding dihydro- 
quinazolinones (234). 471 



x=no 2 y=h 

X = C1 Y = F 



(98) 


3.13.3. Oximes 

Cleavage of oximes to regenerate the carbonyl compound has been accomplished with 
PCC (7) alone 472 and with the PCC (7)-hydrogen peroxide system. 473 The latter novel 
system is more rapid than PCC (7) alone (Table XXXVI). 


R, 

)C=N-OH 
R ' 


PCC (7) 


HjOj. acetone 


R 

R 


)c=o 


(99) 


3.13.4. Imines 

Benzylidene aniline (235) and various aromatic imines react with chromyl chloride (3) 
to give benzanilides (203). 474 


Y 


? H 
C-N 

X X 


(100) 


235 


Y 


Y 


236 


Y 
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TABLE XXXVI. Deoximation with Pyridinium 
Chlorochromate/Hydrogen Peroxide System 1 ' 


Carbonyl 

compound 

Yield (%) 

Cyclohexanone 

75 

4-/-Butylcyclohexanone 

64 

2-Methylcyclohexanone 

67 

Cycloheptanone 

71 

Acetophenone 

80 

4-Methoxyacetophenone 

73 

Benzophenone 

55 

Benzaldehyde 

35 

Camphor 

78 

Cholestan-3-one 

85 


* References 472, 473. 


3.14. Oxidation of Sulfur Compounds 

The rapid formation of the chromic acid ester of 2,2,6-trimethylnonane-6-thioi in acetic 
acid has been observed. 475 

Methionine (237) was determined by direct and indirect titration with potassium 
dichromate. 476 Dichromate oxidizes methionine to its sulfoxide at 20-25°C and to its sulfone 
at elevated temperature. The chromium! VI) oxidation of sulfides generally leads to sulfones 
in poor to quantitative yields. 476 ' 477-480 


O 


CH,-S-CH,CH,CHCO,H 

I 

NH, 


CH,-S-CH,CH,CHCO,H (101) 


NH, 


237 


238 


O 

II 

ch 3 -s-ch,ch,chco,h 
II " I 

O NH, 

239 


3.15. Oxidation of Organic Halides 

One of the most efficient procedures for the oxidation of halides to carbonyl compounds 
involves the use of chromic acid attached to an anion exchange resin. 481 

Aqueous chromate ion oxidizes allylic and halomethylated aromatics to allylic and 
aromatic aldehydes. 482 The oxidation is more efficient in the presence of quarternary 
ammonium and/or phosphonium chloride. 

Bis(tetrabutylammonium) dichromate (13) is an excellent reagent for the oxidation of 
activated alkyl halides to the corresponding carbonyl compounds (Table XXXVII). 95 

The reaction between activated alkyl halides and potassium dichromate in anhydrous 
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TABLE XXXVII. Aldehydes from the Chromium(VI) Oxidation of Organic Halides 


Organic 

halide 

Oxidant 

Yield (%) 

Reference 

1-Bromooctane 

A° 

20 

483 

2-Bromooctane 

B h 

17 

95 


B 

72 

95 

Benzyl bromide 

A 

80 

483 


B 

95 

95 

Benzyl chloride 

B 

81 

95 

Farnesyl bromide 

A 

80 

483 


B 

92 

95 

Geranyl bromide 

A 

82 

483 

y, y-Dimethylallyl bromide 

A 

78 

483 


“ Potassium dichromate in HMPT in the presence of crown ether (Ref. 483). 
* Bis(tetrabutyiammonium) dichromate (13) (Refs. 95, 482). 


HMPT in the presence of crown ether provides an attractive synthetic route to aldehydes in 
fair to excellent yields (Table XXXVII). 483 

O 

R-CH,-X + KO-Cr-OH 
O 

Chromyl chloride (3) oxidizes benzyl chloride to phenylmethanal. 105 


H 


R —C —O —Cr —OH 

1 O'!! 


o 

I! 

R-C-H 


( 102 ) 


H 


O 


3.16. Oxidation of Organoboranes 

The oxidation of organoboranes (240) with PCC (7) proceeds via the formation of 
borate esters as observed by the “B NMR spectrum of aliquots from the incomplete reac¬ 
tion. Representative examples of this high yield, highly convenient, easy workup procedure, 
one-pot method for the conversion of terminal olefins to aldehydes [Eq. (103)] are shown in 
Table XXXVII*- 335 - 336 - 385 - 491 


R-CHj-CH 2 


R—CH = CH : R-CHj-CHj-B R-CH ; -CHO (103) 


R-CH 2 -CH, 


240 


Trialkyl borates (241), which are readily prepared either by esterification of boric acid 
or by the reaction of alcohols with borane-dimethyi sulfide (BMS), are oxidized to aldehydes 

OR 

/ 

3R — OH -F (CH 3 ),S • BH 3 -► B-OR + (CH 3 ),S + 3H : (104) 

OR 


241 
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TABLE XXXVIII. Oxidation of Organoboranes in Pyridinium Chlorochromate (PCC, 7) 


Alkene 

Product! s) 

Product 

distribution 

Yield 

(%) 

Reference 

1-Hexene 

Hexanai 

95 

73 

335 


2-Hexanone 

5 



1-Octene 

Octanal 

94 

70 

335 


2-Octanone 

6 



I-Decene 

Decanal 

95 

74 

335 


2-Decanone 

5 



l-Dodecene 

Dodecanat 

94 

78 

335 


2-Dodecanone 

6 



3,3-Dimethyl-1-butene 

3,3-Dimethylbutanal 

98 

64 

335 


3,3-Dimethyl-2-butanone 

2 



Methylenecyclohexane 

Cyclohexylcarboxaldehyde 

99 

71 

335 


1-Methylcyciohexanol 

1 



(E)-4-Octene 

Octan-4-one 


88 

336 

Cyclohexene 

Cyclohexanone 


81 

336 

Cycloheptene 

Cycloheptanone 


83 

336 

(Z)-Cyclooctene 

Cyclooctanone 


88 

336 

(Z)-Cyclononene 

Cyclononanone 


92 

336 

(Z)-Cyclodecene 

Cyclodecanone 


92 

336 

(Z )-Cyclododecene 

Cyclododecanone 


92 

336 


and ketones with PCC (7). 41,1 In certain cases there can be advantages in going from borate 
esters (241) to the carbonyl compounds rather than directly from the alcohols 
(Table XXXIX). 491 

r-ch 3 -o O 

R—CHi —O-^B +3 f + JCICrO,--► 3R-C-H (105) 

/ V '* 

R-CH,-0 H 

241 7 

Chromic acid oxidizes 9-borabicycio[3.3.0]nonane (9-BBN, 242), 10-bora- 

bicyclo[4.3.0]decane, and 1 l-boradicyclo[5.3.0]-undecane to the respective ketones cycio- 
octanone (60%), cyclononanone (65%), and cyclodecanone (62%). 490 


H 

I 



242 


Boronic acids (243) are easily oxidized by chromic acid. Probable mechanisms have 
been discussed. 492 ' 493 

(CH 3 ) 3 CB(0H) 2 + Cr0 3 -^ (CH 3 ) 3 COH + H 3 B0 3 + Cr(III) (107) 


243 
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TABLE XXXIX. Oxidation of Trialkyl Borates with Pyridinium Chlorocftromate (7) to 

Aldehydes and Ketones 12 


Alkyl group 
of trialkyl borate 
(241) 

Product 

Yield {%) 

rt —C 6 Hu ~ 

«-C s H n -cho 

64 

w —C 7 H t 5 — 

n —C 6 H,3—CHO 

67 

n- C g H n — 

n —C 7 H 15 —CHO 

76 

C 6 H s -CH- 

c„h 5 -c=o 

89 

CHj 

CHj 


O™'- 

(~Vcho 

78 

o„ 

o 

88 


" Reference 491. 


4. EXPERIMENTAL CONSIDERATIONS AND PROCEDURES 


4.1. General Considerations 

Care must be exercised in the handling of oxochromiumfVI) compounds. Many 
chromium(VI) compounds are classified in OSHA Category I. 1 

CAUTION: Add chromium trioxide in small portions to HMPT with stirring at 20°C. 
A violent decomposition can result if crushed Cr0 3 is added to HMPT* -84 ' 85 

CAUTION: The chromium trioxide-pyridine complex can be prepared in situ in 
CHjCUT' 28 ' 88 ' 91 This procedure appears to be safer than the method for preparing Sarett 
reagent. 23-2S " 28 

CAUTION: In order to avoid a fire, powdered Cr0 3 must be added in small portions 
in a nitrogen atmosphere to ice-cooled DMF. 93 

CAUTION: In preparing a solution of chromyl acetate (2), it is necessary to add the 
Cr0 3 to the acetic anhydride slowly with stirring and cooling. The addition of acetic 
anhydride to Cr0 3 usually leads to a fire and often leads to an explosion. 3 ' 62 ' 267 268 


4.2. General Procedures and Typical Detailed Procedures 


4.2.1. Carbon-Hydrogen Bonds 

Oxidation of endo-Fenchyl Acetate (29) to 5-Oxo-endo-fenchyl Acetate (30) by Chromyl 
Acetate (2). 5 To an oxidant mixture containing 15.3 g of Cr0 3 in 166 ml of AcOH-Ac,0 


Q 


(108) 


OAc 

29 


OAc 

30 
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(50/50) were slowly added 9.9 g of 29. The reaction mixture, which was protected with a 
CaCl, tube, was kept for 26 h at 41 +2°C in a water bath. (No change in product com¬ 
position was found if the drying tube was replaced by a loosely fitted stopcock.) Since the 
mixture was homogeneous for most of the reaction time no stirring was normally used. 
During the reaction the color of the mixture changed from brown-red to green. After the 
oxidation was complete, the chromium complexes and most of the Ac,0 were hydrolyzed by 
addition of saturated aqueous Na 2 C0 3 until the mixture was slightly basic. The solution was 
then extracted six times with 80 ml of pentane-ether (50/50) mixture. In order to avoid 
emulsions and to optimize partition of the products, the extraction was first done very 
carefully, but shaking efficiency was increased with each step. If necessary, the emulsions 
were broken with the addition of 2 ml of ethanol. The combined ether phases were then 
washed three times with carbonate solution followed by water, 1 M H 2 S0 4 , and finally with 
water to neutral pH. Removing the solvent left 8.2 g of half crystalline crude product. 

Prefractionation was done by high-vacuum distillation after an addition of 0.5 g NaOAc 
by first using a 10 cm Vigreux column. The first fraction was mainly unreacted 29. Frac¬ 
tion II, which distilled at about 75°C (0.2 mm), contained the main product (30, 5.5 g). The 
distillation residue (2.7 g) still contained 30 as a main component but side products were 
markedly enriched. The distillation residue was fractionated by preparative GLC. 

In order to prevent possible hydrolysis of acetates in the product by Na : C0 3 , some 
reaction mixtures were isolated by distillation of solvent in vacuum followed by addition of 
water instead of Na,C0 3 , and then extracted with ether. No change in product distribution 
was observed. Some preparative GLC fractionations were made directly from the initial 
oxidation product. 


4.2.2. Ally lie Carbon-Hydrogen Bonds 

Oxidation of Cholesteryl Acetate (42) to 5-Cholesten-7-one-3p-ol Acetate (43) by 
Chromium Trioxide • Pyridine [Ratcliffe's Reagent. Eq.(16)].'" Prior to a typical oxidation, 
chromium trioxide (Alfa-Ventron 99%) was stored in a desiccator under vacuum over P 2 O s 
for 24 h before use. Pyridine (Baker Analyzed Reagent) was dried over 4-A molecular sieves 
for two days. Dichloromethane (Mallinckrodt Analytical Reagent) was dried over anhydrous 
CaCK overnight at 20-25°C and then fractionally distilled. The 39.5-40.5°C fraction was 
stored over 4-A molecular sieves. 

In a typical oxidation, to an ice-bath cooled, rapidly stirred solution of pyridine (2.5 g, 
30 mmol) in 30 ml of dichloromethane under nitrogen was added 1.5 g (15 mmol) of CrOj. 
The deep burgundy solution was stirred for 5 min, and the ice-bath was removed. After 
10 min additional stirring, a solution of 429 mg (1 mmol) of cholesteryl acetate (42) in 1 ml 
of dichloromethane was added in one portion. A tarry precipitate immediately began forming 
on the sides and bottom of the flask, soon slowing the magnetic stirring bar. After stirring 
24 h at 20-25°C, the reaction solution was decanted and the tarry deposit in the flask was 
washed with dichloromethane. The solvent was removed in vacuo at 20-25°C, and the 
residual oil was dissolved in 200 ml of ether and filtered. The ether filtrate was washed twice 
with 25 mi of 5% HC1, once with 25 ml of saturated NaCl, and then dried (MgS0 4 ). 
Evaporation of the ether gave a white solid which was recrystallized from methanol to give 
332 mg (72%) of 5-cholesten-7-one 3/I-ol acetate (43), mp 157—158°C; ir (KBr) 1675, 
1740 cm ~ 1 ; uv a*oh 337 nm (s = 12,500). 

Oxidation of Cholesteryl Benzoate to 7-Ketocholestryl Benzoate by Chromic Anhydride- 
3,5-dimethylpyrazole [DMP. II, cf. Eq. (16)].*' It is important to prepare the oxidant at low 
temperature (usually -25 to -20°C) by adding the 3,5-dimethylpyrazole (DMP. 11) as 
quickly as possible to the Cr0 3 suspended in dry dichloromethane. It is equally important 
that the CrOj be dried over P,0 5 before use for most efficient oxidation. When the molar 
ratio of Cr0 3 to steroid is ca. 20, the reaction is complete in ~30 min; when it is ca. 10, the 
reaction takes as long as 5 h for completion. A typical reaction is conducted thus: Chromium 
trioxide (6.0 g, 60.0 mmol) is suspended in dry dichloromethane (50 ml) at — 20°C and the 
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DMP (5.76 g, 60 mmol) is added in one portion. After stirring at — 20°C for 15 min, 
cholesteryl benzoate (2.44 g, 5 mmol) is added and the mixture is stirred for 4 h while main¬ 
taining the temperature between —10 and — 20°C. Sodium hydroxide solution (25 ml, 5 M) 
is then added and the mixture is stirred for 1 h at 0°C. The phases are then separated. The 
organic layer is washed with dilute HC1 to remove the DMP, which can be recovered by sub¬ 
sequent basification of this acidic wash. The dichloromethane phase is now washed with 
water, saturated NaCl solution, and evaporated to yield a residue, which is crystallized from 
cyclohexane to give 7-ketochloresteryl benzoate, 1.86 g, 74%. 


4.2.3. Alkylaromatics 

Oxidation of 2-Methylthiophene (244) to Thiophene-2-carboxylic Acid (245) by Sodium 
Dichromate, 57 2-Methylthiophene (244, 30.0 g, 0.306 mol), sodium dichromate (110 g, 
0.37 mol, 21% excess), and water were heated at 250°C for 16 h. No starting material could 
be recovered. Acidification of the strongly alkaline filtrates (pH 13) gave carbon dioxide, 
hydrogen sulfide, and thiophene-2-carboxylic acid (245, 25 g), mp 137-138°C. The ether 


244 


^S^CO.H 


245 


(109) 


extracts of the acidified filtrates gave additional 245 (7 g), mp 137-138°C, for a total yield of 
82% (32 g, 0.25 mol). The oxidation results were independent of the excess sodium 
dichromate employed (0%-64% excess). 57 

Oxidation of 2-Methylnaphthalene (246) to 2-Naphthoic Acid (247) by Sodium 
Dichromate. 57 2-Methylnaphthalene (246, 320 g, 2.25 mol), sodium dichromate (1050 g. 




246 


cc 

247 


co 2 h 


( 110 ) 


3.50 mol, 50% excess), and water (1.8 liters) were shaken in an autoclave (3.25 liters) for 
18 h at 250°C. The reactor was emptied at 60°C and the content was filtered to remove 
chromic oxide. The filter residue was washed with warm water (7 liters) until all of the 
sodium 2-naphthoate was removed. The aqueous solution was acidified with HC1 (1:1). After 
the mixture had cooled overnight, the precipitate which had formed was filtered, washed well 
with water, and air dried. White product (247, 360 g, 2.09 mol) was obtained in 93% yield, 
mp 184-185°C. When larger excesses of sodium dichromate (55%-64%) were employed, the 
yields were 90%-92%, and more carbon dioxide was formed. 57 

Oxidation of Fluorene (248) to Fluorenone (249) by Sodium Dichromate? 1 Fluorene 
(248, 50 g, 0.30 mol), sodium dichromate (100 g, 0.34 mol; 70% excess), and water (250 ml) 
were heated in a shaking autoclave (500 ml) for 18 h at 250°C. The mixture of fluorenone 
(249) and chromic oxide (green) was filtered with suction and washed well with water (pH of 



O 

248 249 


filtrate ~13). The dried filter cake was extracted with hot 2-propanol. The bright yellow 
extracts were filtered to remove suspended particles, concentrated, and diluted while hot with 
water to incipient turbidity. On cooling, fluorenone (249, 50 g, 91% yield) was obtained, mp 
82-83°C. Dilution of the mother iiquors with water gave additional 249 (4.4 g, 8%, 
mp 82-83 °C); the total yield was 99%. 
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Oxidation of 4-Nitrotoluene (250) to 4-Nitrobenzaldehvde Diacetate (251) by Chromyi 
Acetate (2 j, 62 - 267 - 268 CAUTION: In preparing a solution of chromyi acetate (2), it is 
necessary to add the Cr0 3 to the acetic anhydride slowly with stirring and cooling. The 
addition of acetic anhydride to chromium trioxide usually leads to a fire and often leads to 
an explosion. 


ch 3 

CH(OAc), 

A 

—> rS 

V 

V 

NO, 

NO, 

250 

251 


To a stirred solution of 50 g (0.36 mol) of 4-nitrotoluene (250) in 400 ml of acetic 
anhydride, which is cooled in an ice-salt bath, is slowly added 80 ml of concentrated sulfuric 
acid. When the mixture has cooled to 0°C, a solution of 100 g (1.0 mol) of CrO, in 450 ml 
of acetic anhydride is added slowly, with stirring so that the temperature does not exceed 
10°C, and stirring is continued for 2 h at 5-10°C after the addition is completed. The reac¬ 
tion mixture is poured into two 3-liter beakers one-third filled with crushed ice, and water is 
added to make the total volume 5-6 liters. The solid is separated by filtration and washed 
with water until the washings are colorless. The product is suspended in 300 ml of 2% 
aqueous Na.CO, solution and stirred. After thorough mixing the solid is filtered, washed 
with water, and finally with 20 ml of ethanol. After drying in a vacuum desiccator, there is 
obtained 60-61 g (65%—66%) of 4-nitrobenzaldehyde diacetate (251). 

Oxidation of 4-lodotoluene (252) to 4-(lodophenyl)methanal (253) by Chromyi Chloride 
(3).' 06 A solution of 4-iodotoluene (252, 43.6 g, 0.2 mol) in carbon tetrachloride (150 ml) 
was placed in a three-necked flask, immersed in ice-cold water. Chromyi chloride (3, 65.2 g. 


I I 

252 253 

0.42 mol) in carbon tetrachloride (150 ml) was allowed to run in dropwise, with vigorous 
stirring, during 1 h. The mixture was stirred at 20-25°C for a further 1 h, and then heated 
slowly to reflux during another 1 h. The mixture was stirred while refluxing for a further 
20 h. The cooled reaction mixture was poured slowly with vigorous stirring by hand onto 
sodium sulfite (60 g) dissolved in water (300 ml) containing ice (300 g). Dilute (1:1) 
hydrochloric acid (100 ml) was added to dissolve the basic chromium salts, the organic layer 
was separated, and the aqueous layer was extracted three times with portions of carbon 
tetrachloride. The combined organic solution was washed with water and dried. The residue 
left when the solvent was removed was distilled, giving the product (253), bp 145-150°C at 
(25 mm), mp 55-65°C, 27.0-30.0 g (58%-64%). A forerun, bp 125-130°C (25 mm) 
(3.5-5.0 g) was largely unchanged 252. The 4-iodobenzaldehyde (253) can be recrystallized 
from aqueous ethanol to mp 75°C. 




4.2.4. Indans and Tetralins 

Oxidation of 1,1-Dimethylindan (63) to 3,3-Dimethyl-1-indanone (64) by Chromium 
Trioxide in Acetic Acid [Eq.(26)]. 2il To a stirred mixture of 5.85 g (0.04 mmol) of 63 dis¬ 
solved in 1 liter of AcOH was added 107 ml of 10% CrOj in AcOH over a 30-min period. 
The reaction temperature remained below 30°C. The solution was stirred overnight, diluted 
with 5 liters of water, and extracted with 1-liter portions of ether. The combined ether extract 
was washed with 10% NaOH, dried (MgS0 4 ), and concentrated by distillation. This 
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procedure gave 6.0 g of orange-colored oil. which on distillation (70°C: 0.2 mm) gave 5.6 g 
(88%) of colorless 64. 

General Procedure for the Oxidation of Tetralins to Tetralones by Chromic Acid (1). 2%2 
To a magnetically stirred solution of 0.04 mol of hydrocarbon in 1 liter of acetic acid was 
added dropwise 170 ml of 10% aqueous CrO, acetic acid solution (the chromic acid solution 

O 


x xX> Y —' x xXt~ y (,I4) 

was prepared by dissolving 21 g (0.21 mol) of CrO } in 190 ml of AcOH and 10 ml of water) 
over a period of 30 min. The reaction temperature was maintained between 17 and 21 °C 
with an ice bath. The reaction was allowed to proceed to completion (ca. 2 h) as evidenced 
by GLC. The reaction was then diluted with 6 liters of distilled water and extracted with 
ether (2 x 1.5 liters). The combined ether extract was washed with water and saturated 
aqueous NaHCOj, dried (MgS0 4 ), filtered, and concentrated. The resulting crude products 
were distilled. 


4.2.5. Alkenes 

General Procedure for the Mercury(II) Catalyzed Oxidation of Terminal Olefins to 
Methyl Ketones by Jones Reagent (Table XIV). Method A. 322 To a 500-ml Erlenmeyer flask 
was added 200 ml of acetone, 5 ml of water, and 6.8 g (20 mmol) of mercuric propionate. 
The flask was placed in a water bath and, with stirring, 100 mmol of olefin was added to the 

O 


R—CH=CH,-► R-C-CHj (115) 

bright yellow solution. Jones reagent (2 M, 75 ml) was added dropwise during 4 h. Ice was 
added as necessary to maintain the temperature at 25±5°C. The dark greenish-brown 
solution was stirred for an additional 4 h and then poured into water (200 ml) and extracted 
with diethyl ether (3x75 ml). The combined extracts were washed with water (3x50 ml), 
saturated NaCl solution (1 x50 ml), and water (1 x50 ml), and dried (MgS0 4 ). 

General Procedure for the Mercury(II) Catalyzed Oxidation of Terminal Olefins to 
Methyl Ketones by Jones Reagent (Table XIV). Method B. 322 To a 500-ml Erlenmeyer flask 
was added 22.0 g (74 mmol) of sodium dichromate dihydrate, 50 ml of water, and 300 ml of 
dioxane. With stirring, 6.8 g (20 mmol) of mercuric propionate and 35 ml of 
trifluoroethanoic acid were added. The dark orange-rad solution was stirred until the salts 
had dissolved (ca. 10 min), and the flask was placed in a water bath. With continued stirring, 
100 mmol of olefin was added. The solution became dark and warm; ice was added as 
necessary to maintain the temperature at 25 + 5°C. The solution was stirred for 18 h, poured 
into water (300 ml), and extracted with hexane (3x75 ml). The combined extracts were 
washed with water (3 x 50 ml), saturated NaCl solution (1 x 50 ml), and water (1 x 50 ml), 
and dried (MgS0 4 ). 

Oxidation of Phenylethene to I-Phenyl-2-iodoethanone (254) by Silver Chromate-Iodine 
(Table XV). 323 To a suspension of silver chromate (1.10 g, 3.3 mmol) and 4 A molecular 
sieves (1.5 g) in 15 ml of dichloromethane was added iodine (1.14 g, 4.5 mmol) and a 

O 
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C 6 H 5 -CH = CH,-► C 6 H 5 -C-CH,I (116) 
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solution of pyridine (118 mg, 1.5 mmol) in 0.75 ml of dichloromethane at 0°C and stirred for 
5 min. A solution of phenylethene (312 mg, 3.0 mmol) in 5 ml of dichloromethane was 
added dropwise during 5 min to the ice-cooled suspension, which was stirred for 20 min at 
0°C. Then, the cooling bath was removed and the reaction mixture was stirred for an 
additional hour at 20-25°C. The dark brown mixture was filtered through a pad of Celite. 
The nitrate was washed with 5% aqueous Na 2 S,0 3 and saturated aqueous NaCl, and dried 
(MgS0 4 ). The crude product (668 mg) obtained after concentration was purified on column 
chromatography (ca. 20 g of silica gel; eluant, hexane/ether 90/10) to give l-phenyl-2- 
iodoethanone (254, 636 mg, 86%) as a slightly yellow oil, which on cooling crystallized: mp 
(hexane) 34.0-34.5°C, ir (neat) 1685 cm" 1 (vs, C = 0); NMR (CC1„) 4.25 (s, 2H, 
CH-JCO—), 7.28-7.65 (m, 3H, aromatic), 7.87-8.10 ppm (m, 2H aromatic); MS m/z (rel 
intensity) 246 (M + , 18), 119 (M + -I, 13), 105 (M + -CH 2 I, 20), 77 (Ph + , 100), 51 
(M + -C 2 H 2 COH 2 I, 40). 

Oxidation of 2,4.4-Trimethvi-l-pentene (255) to 2,4.4-Trimethylpentanal (256) by 
Chromyl Chloride (3, Table XVI). 142 148 In a 5-liter three-necked flask fitted with a 
mechanical stirrer, a thermometer, and a dropping funnel equipped with a calcium chloride 
drying tube are placed 112.2 g (1.00 mol) of freshly distilled 2,4,4-trimethyl-l-pentene (255) 

CH, CH 3 

I I 

CHj-C-CH 2 -C = CH 2 -► CHj-C-CH 2 -CH-CHO (117) 
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and 1 liter of dichloromethane. The flask is immersed in an ice-salt bath, and the stirred 
solution is cooled to 0-5°C. A solution of 158 g (1.02 mol) of freshly distilled chromyl 
chloride in 200 ml of dichloromethane is added dropwise with stirring from the dropping 
funnel while the temperature is maintained at 0-5°C. The reaction mixture is stirred for 
15 min, and 184 g of 90%-95% technical grade zinc dust is added. The mixture is stirred for 
5 min, 1 liter of ice water and 400 g of ice are added as rapidly as possible, and the mixture 
is stirred for an additional 15 min. The ice-salt bath is replaced by a heating mantle, and the 
flask is fitted for steam distillation. After distillation of the dichloromethane the residue is 
steam distilled. The distillate is transferred to a separatory funnel, the organic layer is 
separated, and the aqueous layer is washed with three 50-ml portions of dichloromethane. 
The combined organic phases are distilled through a 56-cm vacuum-jacketed Vigreux 
column to remove the solvent. The product is transferred to a 250-ml round-bottomed flask 
and distilled. After removal of a small amount of dichloromethane, the fraction boiling at 
45-52°C (15 mm) is collected to give 90-100 g (70%-78%) of 2,4,4-trimethylpentanai (256). 

Oxidation of Cyclododecene to a-Chlorocyclododecanone by Chromyl Chloride (3, 
Table XVII). Two general procedures (A and B), differing only in the temperature during 
chromyl chloride addition, have been employed. 324 

Procedure A. A solution of 16.6 g (0.10 mol) of cyclododecene (Chemical Samples Co.; 
GLC analysis revealed 91% E, 7% Z, and 2% diene) in 500 ml of reagent acetone was 
cooled in a dry ice-acetone bath to — 70°C and then treated with 33.0 g (0.21 mol) of 
chromyl chloride (Alfa Ventron Co.), which was added via a dropping funnel with vigorous 
stirring of the solution. Addition was controlled so that a temperature of — 65 °C was not 
exceeded. After addition was complete (~30 min), the mixture was stirred at — 75°C for 1 h, 
then allowed to warm to 20-25°C, and stirred for 1 h. The homogeneous, dark red-brown 
mixture was quenched by slowly pouring it into an ice-cold aqueous solution of NaHSOj 
(30 g, 0.3 mol of NaHS0 3 in 1000 ml of H 2 0). The green mixture was stirred for 30 min in 
an ice bath and then extracted with 2 x 500 ml of ethyl acetate-hexane (1:1). The organic 
phases were washed with 500 ml of H 2 0 and 500 ml of NaCl (saturated, aqueous), then 
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combined, dried (NaS0 4 ), filtered, and concentrated to yield a greenish yellow oil weighing 
24.0 g (100%). The crude product was distilled to afford 17.1 g (79%) of a- 
chlorocyclododecanone bp 100-T02°C (0.075 mm) as a yellow liquid which solidified on 
standing to yield white prisms (from hexane), mp 56-57°C. 

Procedure B. The reaction was run identically to Procedure A except that the chromyl 
chloride was added to the solution cooled in an ice-salt bath such that a temperature of 3°C 
was not exceeded. After addition, the mixture was stirred at — 5°C for a h, then allowed to 
warm to 20-25°C, and stirred at 20-25°C for 1 h. The quench and workup were carried out 
as before to yield 69% a-chlorocyclododecanone. 

Preparation of 3-Methyl-l-oxo-l,4,4a,5.6,7,8,8a-octahydronaphthalene (119) by the 
Pyridinium Chlorochromate (PCC, 7) Oxidation of 113 [Eq. (47), Table XXI) 343 PCC 
(4.0 mmol) was added to a stirred solution of 113 (1.34 mmol) in dry dichloromethane 
(9 ml). After 4.5 h at 20°C the solution was diluted with dry diethyl ether (15 ml) and the 
supernatant liquid was passed through a short pad of Florisil using fresh ether to wash the 
insoluble black residue and the Florisil pad. The solvent was evaporated under reduced 
pressure and the crude product was dissolved in dry benzene (7 ml). p-Toiuenesulfonic acid 
(20 mg) was added and the resulting solution was heated under reflux for 1.5 h. After 
workup, the mixture gave crude 3-methyl-l-oxo-l,4,4a,5,6,7,8,8a-octahydronaphthalene 
(119, 78%), which was purified by chromatography on silica gel, eluting with 1:4 ether 
petroleum ether. The mp of the 2,4-dinitrophenylhydrazone is 198.5-200°C. 


4.2.6. Alcohols 

Preparation of Pyridinium Chlorochromate (PCC,7). 32 To 184 ml of 6 M HC1 
(1.1 mmol) was added 100 g (1 mol) of Cr0 3 rapidly with stirring. After 5 min the 
homogeneous solution was cooled to 0°C and 79.1 g (1 mol) of pyridine was carefully added 
over 10 min. Recooling to 0°C gave a yellow-orange solid which was collected on a sintered 
glass funnel and dried for 1 h in vacuo (yield 180.8 g, 84%). The solid is not appreciably 
hydroscopic and can be stored for extended periods at 20-25°C without change. 

Oxidation of 1-Heptanol to Heptanal by PCC (7) 32 In a 500-ml round-bottom flask fitted 
with a reflux condenser was suspended 32.3 g (150 mmol) of pyridinium chlorochromate (7) 
in 200 ml of anhydrous CH 2 C1 2 . 1-Heptanol (11.6 g, 100 mmol) in 20 ml of CH 2 Ci 2 was 
added in one portion to the magnetically stirred solution. After 1.5 h, 200 ml of dry ether 
was added and the supernatant decanted from the black gum. The insoluble residue was 
washed thoroughly (3 x 50 ml) with anhydrous ether, where upon it became a black granular 
solid. The combined organic solution was passed through a short pad of Florisil, and the 
solvent was removed by distillation. Distillation of the residual oil through a short Vigreux 
column gave 8.87 g (78%) of heptanal, bp 59-61°C (30 mm). 

Oxidation of Citronellol (257) to Citronellal (258) by PCC (7) 32 This example is given 
in order to illustrate the procedure used with the acetate-buffered reagent. Pyridinium 
chlorochromate (7) (1.23 g, 5.7 mmol) and NaOAc (0.093 g, 1.14 mmol) were suspended in 
5 ml of anhydrous CH 2 C1 2 and citronellol (257, 0.59 g, 3.8 mmol) in 5 ml of CH 2 C1 2 was 
added in one portion to the magnetically stirred solution. After 2 h the reaction was worked 
up as described above to yield 0.52 g of crude citronellal (258). Column chromatography on 
silica gel gave 0.48 g (82%) of 258. 
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Oxidation of 5a-Cholest-8( 14)-ene-3P.7a.l5a-triol (153) to 5a-Cholest-8( 14 )-epe-3p,7a- 
diol-15-one (154) by PCC (7). 392 PCC (7, 3.5 g) was added to a solution of 153 (1 g. 
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2.4 mmol) in a mixture of dichlorochromate containing 2% pyridine (200 ml) at 2°C. The 
mixture was stirred for 0.5 h under an atmosphere of nitrogen, saturated NaCl solution was 
added, and the mixture was thoroughly extracted with chloroform. The extract was dried 
(MgS0 4 ), filtered, and evaporated to dryness under reduced pressure. The brown residue 
was purified on a silica gel column using 1:1 ethyl acetate-methylbenzene. The product (154) 
was recrystallized from aqueous acetone. The yield was 819 mg (82%); mp 167.5-168.5°C. 

Preparation of Pyridinium Chlorochromate Absorbed on Alumina. 40 ' To a solution of 
CrOj (6 g) in 6 M hydrochloric acid (11 ml) is added pyridine (4.75 g) within 10 min at 
40°C. The mixture is kept at 10°C until a yellow-orange solid forms. Reheating to 40°C gives 
a solution. Alumina (50 g) is then added to the solution with stirring at 40°C. After 
evaporation in a rotary evaporator, the orange solid is dried in vacuum for 2 h at 20-25°C. 
The reagent can be kept for several weeks under vacuum in the dark without losing its 
activity. 

Oxidation of Carveol (259) to Carvone (260) by PCC (7) on Alumina , 397 The above 
reagent (7.5 g, 6.1 mmol) is added to a flask containing a solution of carveol ( 259 , 0.60 g, 
3.8 mmol) in n-hexane (10 ml). After stirring for 2 h. the solid is filtered and washed with 
three 10-ml portions of ether. The combined filtrates were evaporated and vacuum distilled 
to afford carvone [ 260 , 0.54 g (93% 0; bp 104°C (11 Torr)]. 
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Preparation of Cross-linked Poly(vinylpyridine) Resin (PVP). 97 Poly(vinyl alcohol) 
(2.4 g) was dissolved in 550 ml of boiling distilled water and the solution was placed in a 2- 
liter resin kettle equipped with Teflon seals, a reflux condenser, a nitrogen inlet, and a 
mechanical stirrer. The solution was stirred under nitrogen at 80°C and a solution of 25 g of 
4-vinylpyridine and 1.5 g of divinylbenzene in 50 ml of toluene was added rapidly. After 
addition of l g of azobisisobutyronitrile (AIBN) the polymerization was allowed to proceed 
under constant vigorous stirring. Polymer beads started to appear very rapidly, but the 
mixture was left at 80°C overnight. The resin beads were collected by filtration through cloth 
and washed extensively with water, acetone, ether, dichloromethane, and finally methanol. 
After drying under vacuum, 25.1 g of almost white PVP resin beads were obtained. A 
suitable 2% cross-linked vinylpyridinedivinylbenzene resin is also available commerically 
from Polysciences, Inc. 

Preparation of PVPCC (14). 91 To 10 g of cross-linked PVP resin (50-100 mesh) sus¬ 
pended in 20 ml of water was added 9 g of chromic anhydride and 10 ml of concentrated 
hydrochloric acid. The mixture was stirred at 23-25°C for 1 h and filtered and the resin was 
washed with distilled water until the filtrate was clear. Freshly prepared PVPCC has a bright 
orange color which turns to brown upon drying in vacuo (60°C, 5 h). The resin can be used 
directly without drying or can be stored in dry form. Titration of the chlorochromate resin 
was done in two ways: indirectly by titration of the filtrate and wash liquid collected during 
the preparation of PVPCC ( 14 ), or directly by titration of the chromate displaced from the 
resin by reaction with aqueous 2 M potassium hydroxide overnight. In a typical titration, a 
freshly prepared solution of ferrous ammonium sulfate was used to reduce the chromate after 
acidification with phosphoric acid and using diphenylamine sulfonate as indicator. Both 
methods gave comparable results; however, the results reported in this discussion are those 
which were obtained in the direct titrations. Thus, the PVPCC ( 14 , 19.3 g) resin obtained 
above from 10 g of PVP contained 3.6 mmol of chlorochromate per gram of dry reagent. 
The PVPCC resins ( 14 ) obtained in similar preparations contained up to 3.95 mmol of 
chlorochromate per gram. In most cases the PVPCC resins ( 14 ) were not dried thoroughly 
before use, but were simply air dried after washing with water. Typically, a PVPCC resin 
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(14) prepared from 1 g of PVP, 0.92 g of Cr0 3 , and 1 ml of concentrated HCI contained 
7.5-7.9 mmol of chlorochromate after thorough washing with water and air drying. 

Oxidation of Cinnamyl Alcohol to Cinnamaldehvde using PVPCC (14). 97 Best results in 
the oxidation reactions were obtained using wet PVPCC resins ( 14 ). Thus, in instances 
where the dry resin was used, it had to be soaked briefly (5-10 min) in water prior to 
filtration to remove the excess water and before use in oxidation reactions. Alternately, the 
PVPCC, ( 14 ) would be prepared immediately before use by reaction of the required amounts 
of PVP, CrO,, and HCI, followed by thorough washing with water and filtration. The 
second procedure was often preferred over the first as it eliminated the lengthy drying step. 
In a typical oxidation, the PVPCC ( 14 ) obtained by reaction of 1 g of PVP with Cr0 3 and 
HCI as described above (or 1.9-2 g of dry reagent soaked in water and filtered) was used in 
4-10 ml of cyclohexane at 75-80°C. After addition of 1.7 mmol of the alcohol, the mixture 
was stirred at 75-80°C and small aliquots were withdrawn at regular time intervals for 
chromatographic analysis. The percent conversion was calculated directly from the 
chromatograms after calibration. Some reactions were also carried out using less PVPCC for 
the same amount of alcohol. Reactions were also carried out on a larger scale using, for 
example, the PVPCC ( 14 ) prepared above from 10 g of PVP to oxidize 2.4 g of cinnamyl 
alcohol in 50 ml of cyclohexane at 60°C. The reaction was monitored by GLC and had 
essentially reached completion in 60 min. After 105 min, the reaction mixture was filtered 
and the resin washed with ether and dichloromethane to extract the cinnamaldehyde. After 
evaporation of the solvent, 2.0 g of pure cinnamaldehyde (84%) was obtained. 

Preparation of PDC (8). 33 Pyridine (80.6 ml) was gradually added to a cooled solution 
of 100 g (1 mol) of CrO, in 100 ml of water at <30°C. The solution was diluted with 400 ml 
of acetone and cooled to — 20°C. After 3 h the orange crystals were collected, washed with 
acetone, and dried in vacuo ; yield: 127.2 g (68%). 

Oxidation of Alcohols to Carbonyl Compounds by PDC (8) 33 : General Procedure. All 
oxidations were conducted in dry apparatus with good stirring. As little as 2 ml of DMF or 
2.5 ml of CH ^ Cl 2 per g of PDC may be used. Reactions involving CH 2 C1 2 solvent were 
diluted with ether or ether-pentane, filtered and evaporated to afford product. Last traces of 
chromium species can easily be removed by filtering an ethereal solution through a small 
amount of anhydrous magnesium sulfate or silica gel. Reactions involving DMF as solvent 
were worked up by pouring into 7-10 vols of water and extracting with ether or ether-pen¬ 
tane. 

Preparation of 2,2'-Bipyridinium Chlorochromate (BiPy- HCrO^Cl, 9) 31 Chromium(VI) 
oxide (10.0 g, 0.11 mol) is added, rapidly with stirring, to 6 M hydrochloric acid (18.4 ml, 
0.11 mol). After dissolution of chromium(VI) oxide is complete, 2,2'-bipyridine (15.6 g, 
0.1 mol) is added in portions with vigorous stirring. The resultant yellow slurry is stirred for 
1 h at 20-25°C. The product is collected by suction on a sintered glass funnel and washed 
with cold distilled water (2x 15 ml). The resultant solid yellow filter cake is dried in vacuo 
for 3 h at 20-25°C; yield: 26.8 g (92%). Recrystallization of impure 9 from hexanes leads to 
a cleaner complex. 36 The material is best stored for extended periods protected from light 
and over calcium chloride. 

Oxidation of Cinnamyl Alcohol to Cinnamaldehyde by 2,2'-Bipyridinium Chlorochromate 
(9). 31 A solution of cinnamyl alcohol (0.5 g, 3.73 mmol) in dichloromethane (10 mol) is 
added to a stirred suspension of 2,2'-bipyridinium chlorochromate (3.37 g, 11.5 mmol) in 
dichloromethane (15 ml). The mixture is stirred for 4 h while dark brown granular 
chromium reduction products are formed. It is then diluted with anhydrous ether (15 ml) 
and filtered through a small Hirsch funnel packed 1-2 cm deep with Celite using ether as a 
wash solvent. The clear filtrate is then washed with 5% hydrochloric acid (2x25 ml) and 
10% sodium carbonate solution (2x25 ml), and dried (Na 2 S0 4 ). Removal of the drying 
agent and evaporation of the solvent gives a slightly yellow oil which is distilled via 
Kugelrohr to give pure cinnamaldehyde; yield: 0.32 g (86%); bp 136°C (20 Torr). Typically 
the purity of the crude carbonyl compound is greater than 99% as determined by GLC 
analysis. 



Oxidation by Oxochromium(VI) Compounds 


105 


Preparation of Tetra-n-Butylammonium Chromate t!2). 3 * To an aqueous solution 
(25 ml) of Cr0 3 (1.0 g, 10 mmol), an aqueous solution (50 ml) of tetrabutylammonium 
chloride (2.92 g, 10.5 mmol) is rapidly added at 20-25°C with stirring. Immediately a yellow- 
orange solid precipitates. The reaction mixture is cooled to 0°C, then the solid is collected on 
a sintered glass funnel, carefully washed with cold water, dried under vacuum over P 2 0 ; , 
and stored over CaCl 2 ; yield: 2.76 g (77%). 

Oxidation of 3,4,5-Trimethoxvbenzyl Alcohol to 3.4,5-Trimethoxybenzaldehyde with Solid 
Tetra-n-Butylammonium Chromate (12 j. 3 * To a chloroform solution (10 ml) of 3,4,5- 
trimethoxybenzyl alcohol (0.5 g, 2.52 mmol), tetra-n-butylammonium chromate (2.17 g, 
6.04 mmol) is added at 23-25°C with stirring. The reaction mixture is heated at 60°C for 3 h, 
then diluted with ether, poured into 1 M sodium hydroxide solution, washed with a 
saturated sodium chloride solution, and dried (Na : S0 4 ). The solvent is removed under 
reduced pressure to leave a white solid from which pure 2,4,5-trimethoxybenzaldehyde is 
obtained by chromatography on silica gel, eluting with a 60/40 cyclohexane/ethyl acetate 
mixture; yield: 0.385 g (78%). 

Oxidation of Diphenylmethanol to Benzophenone by Tetra-n-Butylammonium Chromate 
12 in Chloroform Solution. 3 * An aqueous solution (28 ml) of tetra-n-butylammonium 
chloride (1.58 g, 5.68 mmol) is rapidly added to an aqueous solution (14 ml) of Cr0 3 
(0.54 g, 5.4 mmol) with stirring at 20-25°C. Chloroform (200 ml) is added and the chromate 
salt is carefully extracted. Then the chloroform solution is concentrated to 6 ml and 
diphenylmethanol (0.5 g, 2.71 mmol) in chloroform (4 ml) is added with stirring. After 3 h at 
60°C the reaction is worked up as reported for 3,4,5-trimethoxybenzyl alcohol; pure ben¬ 
zophenone is obtained; yield: 0.450 g (91%). 

Preparation of Bis-Tetra-n-Butylammonium Dichromate (TBADC, 13 ) 96 The reagent is 
easily prepared by addition of a concentrated aqueous solution (300 ml) of potassium 
dichromate (29.4 g, 0.1 mol) to a saturated aqueous solution (300 ml) of tetra-n-butylam- 
monium bromide (64.4 g, 0.2 mol). TBADC (13) precipitates and can be recovered by 
filtration (62.8 g, 90%); mp 79-80°C (from hexane); uvx m „ 275 nm (£ = 4620), 345 nm 
(£ = 3180), 360 nm (£ = 3500). 

Oxidation of 4-Methoxybenzyl Alcohol to 4-Methoxybenzaldehyde by Bis-Tetra-n- 
Butylammonium Dichromate (TBADC, 13)." To a solution of 151 (1.38 g, 0.01 mol) in 
CHjCU (40 ml), TBADC (7 g, 0.01 mol) was added and the solution was refluxed (1 h). 
The workup consists either in a filtration on a silica gel column (10 g silica/mmol of sub¬ 
strate) or concentrating in vacuo the solution and adding at 0°C an excess of 99% formic 
acid to the residue. As an alternative to the last procedure, after concentrating the solution in 
vacuo, celite and diethyl ether (3 x 50 ml) were added. The mixture was filtered and the 
filtrate concentrated in vacuo. 4-Methoxybenzaldehyde was obtained in 80% yield (1.1 g); 
bp 80-82°C (2 mm); ir v mal = 1680 cm' 1 ; ‘H NMR (CDC1 3 ): 5=10.0 (s, 1H, CHO), 
7.85 (d, 2H, J = 7 Hz, Ar), 7.05 (d, 2H, 7= 7 Hz), 3.95 (s, 3H, OCH 3 ). 

Oxidation of Geraniol to Gerianial by TBADC (13). 96 Pure geraniol (1.54 g, 0.01 mol) 
was oxidized under the conditions described above. Usual workup gave the crude product; 
yield 90%, 1.38 g. GLC analysis showed that this consisted of 90% geraniol and 10% nerol. 
Pure geraniol was obtained by silica gel chromatography; bp 117°C (20 mm); 
ir v ma,= 1695cm' 1 ; ‘H NMR (CDC1 3 ): 5 = 9.85 (d, 1H, 7=7 Hz, CHO), 5.85 
(d, 1H, 7=7 Hz, =CH—CHO), 5.1 (s, IH, -CH=), 2.18 (s, 3H, CH 3 ), 2.1 (m, 4H, CH 2 ) 
1.7 (s, 3H, CH 3 ), 1.6 ppm (s, 3H, CH 3 ). 

Molecular Sieve Assisted Oxidation of Nucleosides. 413 In typical experiments the 
alcohols were added to a suspension of the oxidative reagent (1.5-5 equiv) with molecular 
sieve powder (0.5-4 g per mmol of starting material) in dichioromethane (2.5-5 ml per mmol 
of alcohol). The mixture was well stirred for 10-120 min and the reaction followed by TLC. 
When the oxidation was complete the reaction mixture was diluted with diethyl ether and 
filtered through a glass filter filled with silica gel containing CaS0 4 (10%) (silica gel G, 
Merck Darmstadt). Removal of the solvent gave the pure carbonyl compound. 

Comparative studies of the molecular sieves have shown that the oxidation rate 
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increases in the order 5A<10A<4A<3 A. Furthermore with the 3A type the reaction can 
be performed with a lower weight of sieve and smaller volume of solvent. 


4.2.7. Benzyl Ethers 

General Procedure for the Oxidation of Benzyl Ethers to Acids. Esters, and/or Ketones by 
the Jones Reagent. 421 The benzyl ether (5.0 mmol) was dissolved in 100 ml of dry acetone 
and cooled in an ice bath. The Jones reagent (4 equiv) was added dropwise over the 
appropriate period of time and the reaction was allowed to stir mechanically. The reaction 
mixture was quenched with ether and water and then extracted with four 50-ml portions of 
ether. The combined ether layers were washed with three 30-ml portions of saturated 
aqueous NaHC0 3 , dried, and concentrated to give the benzoate ester, ketone, and benzyl 
ether if the reaction had not gone to completion. This mixture was analyzed by GLC and 
NMR comparison with authentic samples. The combined NaHC0 3 extracts were acidified 
and cooled to 0°C, and the benzoic acid was obtained by filtration. 

Oxidation of 5-Dodecyl-2-methylfuran to 2,5-Dioxo-3-heptadecene by PCC (7). 4i2 5- 
Dodecyl-2-methylfuran (1.1 g) diluted with anhydrous dichloromethane (10 ml) was added 
to a suspension of pyridinium chlorochromate (PCC, 7, 4 g) in anhydrous dichloromethane 
(50 ml). The mixture was heated under reflux for 24 h and then filtered through Florisil. The 
solvent was evaporated and the crude product purified by chromatography on silica gel, 
eluting with 9:1 benzene/ether. The yield of 2,5-dioxo-3-heptadecene was 90% (1.05 g); mp 
75-76°C. 


4.2.8. Silyl Ethers 

General Procedure for the Oxidation of Silyl Ethers (208) to Hydroquinones (209) by 
PCC (7). 433 To a solution of the bis-silyl ether (208, 1 mmol dissolved in 8 ml of 
dichloromethane) at 25°C was added PCC (7, 2 mmol). The mixture was stirred for 2 h and 
then evaporated to dryness. The residue was extracted with anhydrous diethyl ether (10 ml) 
and the extract passed through a column of Florisil (8-10 g) eluting with diethyl ether. In 
the case of the trimethylsilyl ethers, evaporation of the ether eluent gave the pure quinones. 
With the r-butyldimethylsilyl ethers evaporation of the eluent gave a mixture of quinone and 
t-butyldimethylsilanol. The pure quinone was obtained by washing the semisolid residue with 
ice-cold heptane or by recrystallization from heptane. 


4.2.9. Trialkyloxyboroxines 

Preparation of Trioctyloxyboroxine (210, R = n — C 7 H is ): Typical Procedure. 442 In a 
dry, 250-ml round-bottom flask provided with a septum inlet, magnetic stirring bar, and a 
reflux condenser attached to a connecting tube leading to a mercury bubbler, are placed 
octanoic acid (9.S1 ml, 60 mmol) and diethyl ether (75 ml) under nitrogen. (In certain cases, 
the carboxylic acid is dissolved in tetrahydrofuran instead of diethyl ether.) The mixture is 
stirred vigorously and borane-dimethyl sulfide (BMS, Aldrich: 6.12 ml, 60 mmol) is added 
dropwise from a syringe. Following the addition of initial 2-3 ml of BMS, when the gas 
evolution has ceased, the mixture is heated under gentle reflux to complete the evolution of 
gas (hydrogen). The remainder of the BMS is added at such a rate as to maintain a gentle 
reflux. Following completion of the addition, the mixture is heated under reflux for 1 h. The 
solvent and dimethyl sulfide are removed under vacuum and dichloromethane (20 ml) is 
introduced to dissolve the product. “B NMR (CDC1 3 /BF 3 etherate: 8= —19.1 ppm. 

Preparation of Octanal via Trioctyloxyboroxine (210, R — n—C 7 H ls ); Typical 
Procedure. 442 To a well-stirred suspension of pyridinium chlorochromate (14.3 g, 66 mmol) 
in dichloromethane (100 ml) taken in a 5000-ml flask equipped as described above, is added 
dropwise to the above solution of trioctyloxyboroxine in dichloromethane. The stirred 
mixture is heated under reflux for 1 h and then diluted with diethyl ether (150 ml). The 
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supernatant liquid is filtered through Florisil (100 g) contained in a 300-ml sintered glass 
funnel; the solid residue is triturated with diethyl ether (3 x 50 ml) and passed through the 
same Florisil column. The colorless filtrate is concentrated and distilled under reduced 
pressure to give octanal; yield: 5.9 g (77%); bp 64-65°C (15 mm). The product may also be 
recovered by steam distillation from the dichloromethane reaction mixture. 

Analogous procedures are used for the synthesis of the other aldehydes. In the case of 
solid aldehydes, the products are purified by recrystallization from suitable solvents, in the 
case of liquid aldehydes the products are distilled. 


4.2.10. Esters 

Oxidation of 3,3,5,5-Tetramethylcyclohex-l-envl Benzoate to 3,3.5,5-Tetramethyl-6- 
oxocyclohex-l-enyi Benzoate by Sodium Chromate.** 6 3,3,5,5-Tetramethylcyclohex-l-enyl 
benzoate (1.29 g, 5.0 mmol) was dissolved in 1:1:1 acetic acid-acetic anhydride-carbon 
tetrachloride (48.6 ml). The solution was maintained at 25°C, sodium chromate (1.62 g, 
0.01 mol; vacuum dried over P 2 O s at 100°C for 24 h) was added at once, and the reaction 
flask was closed and shaken until all the oxidant had dissolved. The reaction was followed by 
TLC. The starting material disappeared after 60 h, and the mixture was poured into ether 
(100 ml)-ice (100 g), and stirred for 1 h. After two more extractions of the aqueous solution 
with ether (2x50 ml) the combined organic phase was washed successively with saturate 
aqueous NaHC0 3 (3x 100 ml), water, and saturated sodium chloride solution, dried, and 
evaporated. Recrystallization of the resulting solid mixture gave 3,3,5,5-tetramethyl-6- 
oxocyclohex-l-enyl benzoate (760 mg, 56%) mp (from ethyl acetate-light petroleum) 126°C, 

236 nm (s = 10,470). 


4.2.11. Oximes 

Deoximation with Pyridinium Chlorochromate/Hydrogen Peroxide System: GeneraI 
Procedure. 473 To a well-stirred solution of pyridinium chlorochromate (6.37 g, 30 mmol) 
and oxime (15 mmol) in acetone, a 30% solution of hydrogen peroxide (6.5 ml) is slowly 
added at 0-10°C. After 10 min, acetone is removed in vacuo, water (50 ml) is added, and the 
residue is extracted with ether (3x30 ml). The combined extracts are washed with 5% 
sodium thiosulfate solution (20 ml), 1 M hydrochloric acid (15 ml), water, and dried 
(MgS0 4 ). Evaporation of the solvent gives the crude carbonyl derivatives which are 
purified by distillation or by column chromatography [silica gel, 70-230 mesh; 
ether/dichloromethane (1:1) as eluent]. 


4.2.12. Organoboranes 

Preparation of Octanal from Octette via Hydroboration and Oxidation with PCC 
(7). i3> Procedure A. In an oven-dried, nitrogen-flushed, 100-ml round-bottom flask fitted 
with a septum inlet, magnetic stirring bar and a connecting tube leading to a mercury bub¬ 
bler, were placed 2.04 ml of borane/dimethyl sulfide (BMS) (20 mmol, neat reagent was 
9.8 M in BH 3 ) and 20 mi of dichloromethane. To this solution was added (9.4 ml, 60 mmol) 
1-octene dropwise with vigorous stirring. The reaction mixture was stirred for 1 h at 
20-25°C, and then the solvent and methyl sulfide were removed using a water aspirator. The 
resulting trialkylborane was added dropwise to a well-stirred suspension of 38.3 g of 
pyridinium chlorochromate (PCC) (180 mmol) in 150 ml of dichloromethane, taken in a 
500 ml round-bottom flask fitted with a septum inlet, a magnetic stirring bar and a reflux 
condenser with a connecting tube leading to a mercury bubbler. After the initial vigorous 
reaction subsided, the mixture was refluxed for 4 h with stirring. It was then cooled to 
20-25°C, diluted with 200 ml of dry ethyl ether and filtered through 100 g of 100-200 mesh 
Florisil contained in a 350 ml sintered glass funnel. The residue in the flask was triturated 
with ether (3 x 50 ml) and the solvents removed on a rotary evaporator. The resulting liquid. 
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on distillation under reduced pressure, gave 5.4 g (70% yield) on octanal (containing ~5% 
of 2-octanone). bp 65-66°C (15 mm); 1 1.4185. 

Procedure B. The oxidation reaction was carried out in the same manner as described in 
Procedure A. To the reaction mixture, after refluxing for 4 h, was added 50 ml of water. 
Steam distillation provided a condensate consisting of dichloromethane, aldehyde, and water. 
The organic layer was separated, dried (MgS0 4 ), and solvent removed. Distillation under 
reduced pressure afforded 5.3 g (69% yield) of octanal (containing ~5% of 2-octanone) bp 
65-66°C (15 mm), 1.4185. 

Preparation of Trioctyl Borate (241, R = n — C-,H^ j: Typical Procedure.* 9 ' To an oven- 
dried, nitrogen-flushed 100 ml round-bottom flask, fitted with a septum inlet, a magnetic 
stirring bar, and a reflux condenser topped with a connecting tube leading to a mercury bub¬ 
bler, borane-dimethyl sulfide (BMS, Aldrich; 2.04 ml; 20 mmol) is added with the help of a 
syringe. The mixture is stirred at 20-25°C and 1-octanol (9.43 ml, 60 mmol) is added 
dropwise with a syringe. Stirring is continued at 20-25°C until the evolution of hydrogen 
ceases. The mixture is then heated at 100°C in an oil bath for 1 h. The flask is cooled and 
dimethyl sulfide is pumped off at reduced pressure to give the pure ester; yield; 7.5 g (94%). 
“B NMR (neat/BF 3 etherate): d = —18.5 ppm. 

Preparation of Octanal from Trioctyl Borate (241): Typical Procedure.* 9 ' In an oven- 
dried, nitrogen-flushed, 250-ml round-bottom flask, fitted with a septum inlet, a magnetic 
stirring bar, and a reflux condenser topped with a connecting tube leading to a mercury bub¬ 
bler, are placed powdered pyridinium chlorochromate (PCC) (14.3 g, 66 mmol) and 
dichloromethane (100 ml). To the well-stirred suspension, a solution of trioctyl borate 
(7.96 g, 20 mmol) in dichloromethane (20 ml) is added with the help of a double-ended 
needle. The mixture is stirred under reflux for 1 h. Then, ether (150 ml) is added and the 
mixture is filtered through a column containing Florisil (100 g). The solid residue in the flask 
is triturated with ether (3 x 50 ml) and filtered through the same Florisil column. The com¬ 
bined colorless filtrate is concentrated and distilled under reduced pressure to give pure 
octanal: yield: 5.89 g (76%); bp 66-67°C (15 Torr); q 2 °: 1.4182. 


REFERENCES 

1. Many chromium compounds are classified in OSH A Category I, Chem. Eng. News 1978, 20 
(July 31). 

2. D. G. Lee, The Oxidation of Organic Compounds by Permanganate Ion and Hexavalenl Chromium, 
Open Court, La Salle. Illinois, 1980. 

3. K. B. Wiberg. in Oxidation of Organic Chemistry, K. B. Wiberg, ed.. Academic, New York, 1965. 
Part A, pp. 69-184. 

4. D. Benson. Mechanisms of Oxidation by Metal Ions, Elsevier, Amsterdam. 1976, p. 149. 

5. J. Enqvist, Ann. Acad. Sci. Fenn., Ser. A2, 183 (1977). 

6. D. H. G. Bosche. in Houben-Weyl Methoden der Organischen Chemie, Vierte Auflage, IV/lb, Georg 
Thieme Verlag, Stuttgart, 1975, p.425. 

7. C. N. Rentea, St. Cere. Chim. Tom. Bucuresli, 14, 627 (1966). 

8. R. Stewart, Oxidation Mechanisms: Applications to Organic Chemistry, Benjamin, New York, 1964, 
P- 33. 

9. R. L. Augustine, Oxidation: Techniques and Aplications in Organic Synthesis, Marcel Dekker, New 
York, 1969. 

10. W. A. Waters, Mechanisms of Oxidation of Organic Compounds, Methuen and Co., London, 1964, 
P- 27. 

11. T. A. Turney, Oxidation Mechanisms, Butterworths, Washington, D.C., 1965. 

12. L. J. Chinn, Selection of Oxidants in Synthesis, Marcel Dekker, New York, 1971. 

13. F. Freeman, Rev. React. Species Chem. React. 1, 37 (1973). 

14. F. H. Westheimer, Chem. Rev. 45, 419 (1949). 

15. W. H. Hartford and M. Darrin. Chem. Rev. 58, 1 (1958). 

16. C. D. Nenitzescu. Bull. Soc. Chim. Fr. 1968, 1349. 



Oxidation by Oxochromium(VI) Compounds 


109 


17. A. Pictet and P. Genequand. Chem. Ber. 36, 2215 (1903). 

18. H. S. Fry, J. Am. Chem. Soc. 33, 697 (1911). 

19. H. L. Krauss. Angew. Chem. 70. 502 (1958). 

20. H. H. Sisler. Inorg. Synth. 2, 205 (1946). 

21. A. A. Vakhrusher, Uch. Zap. Udmurtsk: Gos. Ped. Inst. 11, 143 (1957); Chem. Abstr. 54, 6379 
(1960). 

22. F. Freeman, unpublished data. 

23. H. Wienhaus. Chem. Ber. 47, 322 (1914). 

24. W. Hiickel and M. Blohm. Liebigs Ann. Chim. 502, 114 (1933). 

25. H. H. Sisler. J. D. Busch, and O. E. Accountius. J. Am. Chem. Soc. 70, 3827 (1948). 

26. G. I. Poos, G. E. Arth, R. E. Beyler, and L. H. Sarett, J. Am. Chem. Soc. 75, 422 (1953). 

27. J. R. Holum. J. Org. Chem. 26, 4814 (1961). 

28. R. Ratclifie and R. Rodehorst, J. Org. Chem. 35, 4000 (1970). 

29. J. C. Collins and W. W. Hess, Org. Synth. 52 5 (1972). 

30. J. C. Collins. W. W. Hess, and F. J. Frank. Tetrahedron Lett. 1968, 3363. 

31. W. G. Dauben. M. Lorber, and D. S. Fullerton. J. Org. Chem. 34. 3587 (1969). 

32. E. J. Corey and J. W. Suggs, Tetrahedron Lett. 1975, 2647. 

33. E. J. Corey and G. Schmidt. Tetrahedron Lett. 1979, 399. 

34. R. D’Ascoli, M. D’Auria, L. Nucciarelli. G. Piancatelli, and A. Scettri, Tetrahedron Lett. 21, 4521 
(1980). 

35. R. Antonioletti, M. D’Auria, G. Piancatelli, and A. Scettri, Tetrahedron Lett. 22. 1041 (1981). 

36. F. S. Guziec, Jr. and F. A. Luzzio, unpublished data. 

37. F. S. Guziec, Jr. and F. A. Luzzio, Synthesis 1980. 691. 

38. S. Cacchi. F. LaTorre. and D. Misiti, Synthesis 1979, 356. 

39. G. Cainelli, G. Cardillo, M. Orena, and S. Sandri, J. Am. Chem. Soc. 98, 6737 (1976). 

40. A. Bongini, G. Cainelli, M. Contento, and F. Manescalchi. Synthesis 1980, 143. 

41. J. M. Lalancette, G. Rollin. and P. Dumas, Can. J. Chem. 50, 3058 (1972). 

42. H. Kiliani and B. Merk. Chem. Ber. 34, 3562 (1901). 

43. S. W. Pelletier and D. M. Locke, J. Am. Chem. Soc. 87, 761 (1965). 

44. K. Bowden. 1. M. Heilbron, E. R. H. Jones, and B. C. L. Weedon, J. Chem. Soc. 1946. 39. 

45a. P. Bladon. J. M. Fabian, H. B. Henbest. H. P. Koch, and G. W. Wood, J. Chem. Soc. 1951. 2402. 
45b. A. Bowers. T. G. Halsall, E. R. H. Jones, and A. J. Lemin, J. Chem. Soc. 1953, 2555. 

46. W. S. Johnson. C. D. Gutsche. and D. K. Banetjee, J. Am. Chem. Soc. 73, 5464 (1951). 

47. H. C. Brown and C. P. Garg, J. Am. Chem. Soc. 83, 2952 (1961). 

48. R. Wendland and J. Lalonde. Org. Synth.. Coll. Vol. IV. 757 (1963). 

49a. L. F. Fieser, J. Am. Chem. Soc. 70, 3237 (1948). 

49b. L. F. Fieser and J. Szmuskovicz, J. Am. Chem. Soc. 70. 3352 (1948). 

50. K. Nakanishi and L. F. Fieser, J. Am. Chem. Soc. 74, 3910 (1952). 

51. W. A. Mosher. F. W. Steffgen, and P. T. Lansbury, J. Org. Chem. 26, 670 (1961). 

52. P. Muller and J. Blanc. Helv. Chim. Acta 62, 1980 (1979). 

53. B. H. Walker, J. Org. Chem. 32. 1098 (1967). 

54. C. Djerassi. R. R. Engle, and A. Bowers. J. Org. Chem. 21, 1547 (1956). 

55. K. E. Harding, L. M. May, and K. F. Dick. J. Org. Chem. 40. 1664 (1975). 

56. H. R. Rogers, J. X. McDermott, and G. M. Whitesides. J. Org. Chem. 40, 3577 (1975). 

57. L. Friedman. D. L. Fishel, and H. Schechter. J. Org. Chem. 30, 1453 (1965). 

58. D. G. Lee and U. A. Spitzer, J. Org. Chem. 34, 1493 (1969). 

59. R. H. Reitsema and N. L. Allphin, J. Org. Chem. 27, 27 (1962). 

60. F. Freeman. D. L. Bond, and E. M. Karchefski, unpublished data. 

61. J. Thiele and E. Winter, Liebigs Ann. Chem. 311, 353 (1900). 

62. T. Nishimura, Org. Synth., Coll IV. 713 (1963). 

63. F. Freeman and E. M. Karchefski. J. Chem. Eng. Data 22. 355 (1977). 

64. F. Freeman, C. R. Armstead, D. L. Bond. N. V. Bui. W. L. Freeman, E. M. Karchefski, C. J. 
Kojima. and N.-T. Tran, unpublished data. 

65. F. Freeman, C. R. Armstead. M. G. Essig. E. M. Karchefski, C. J. Kojima. V. C. Manopoli, and A. 
H. Wickman, J. Chem. Soc. Chem. Common. 1980, 65. 

66. F.Freeman. C. R. Armstead. D. L. Bond, E. M. Karchefski. and V. C. Manopoii, unpublished data. 

67. O. H. Wheeler, Can. J. Chem. 36. 949 (1958). 

68. T. Suga, Bull. Chem. Soc. Jpn. 31. 569 (1958). 

69. T. Suga, K. Kihara. and T. Matuara. Bull. Chem. Soc. Jpn. 38, 893 (1965). 



110 Fillmore Freeman 

70. R. V. Oppenauer and H. Oberrauch, An. Asoc. Quim. Argent. 37, 246 (1949); Chem. Abstr. 44, 3871 
(1950). 

71. G. Dupont, R. Dulou, and O. Mondou, Bull. Soc. Chem. Ft. 1952, 433. 

72. K. Fujita, Bull. Chem. Soc. Jpn. 34, 968 (1961). 

73. K. B. Sharpless and K. Akashi, J. Am. Chem. Soc. 97, 5927 (1975). 

74. T. Suga, K. Kihara, and T. Matsuura. Bull. Chem. Soc. Jpn. 38, 1141 (1965). 

75. K. Heusler and A. Wettsein, Helv. Chim. Acta 35, 284 (1952). 

76. P. N. Rao and P. Kurath, J. Am. Chem. Soc. 78, 5660 (1956). 

77. R. E. Beyler, A. E. Oberster, F. Hoffman, and L. H. Sarett, J. Am. Chem. Soc. 82, 170 (1960). 

78. J. San Filippo, Jr. and C. I. Chern, J. Org. Chem. 42. 2182 (1977). 

79. R. C. Croft, Ausl. J. Chem. 9, 201 (1956). 

80. E. J. Corey and G. W. J. Fleet, Tetrahedron Lett. 1973, 4499. 

81. W. G. Salmond, M. A. Barta, and J. L. Havens, J. Org. Chem. 43, 2057 (1978). 

82. P. Kok, P. J. DeClercq, and M. E. Vandewaiie, J. Org. Chem. 44, 4553 (1979). 

83. E. McDonald and A. Suksamran. Tetrahedron Lett. 1975, 4425. 

84. G. Cardillo, M. Orena, and S. Sandri, Synthesis 1976, 394. 

85. E. Yoshi, T. Oribe, K. Tumura, and T. Koizumi, J. Org. Chem. 43, 3946 (1978). 

86. S. J. Fleet, G. W. J. Fleet, and B. J. Taylor, Synthesis 1979, 815. 

87. E. Santaniello, F. Ponti, and A. Manzocchi, Synthesis 1978, 534. 

88. M. Anastasia, A. Scala, and G. Galli, J. Org. Chem. 41, 1064 (1976). 

89. R. H. Cornforth, J. W. Conforth, and G. Popjak, Tetrahedron 18, 1351 (1962). 

90. M. A. Wuonola and R. B. Woodward, J. Am. Chem. Soc. 95, 5098 (1973). 

91. R. W. Ratcliffe, Org. Synth. 55, 84 (1976). 

92. G. Snatzke, Chem. Ber. 94, 729 (1961). 

93. H. Newman, Chem. Eng. News 1970, 4 (July 6). 

94. J. Y. Satoh, and C. A. Horiuchi, Bull. Chem. Soc. Jpn. 54, 625 (1981). 

95. D. Landini and F. Roiia, Chem. Ind. (London) 1979, 213. 

96. E. Santaniello and P. Ferraboschi, Synth. Commun. 10, 75 (1980). 

97. J. M. J. Frechet, J. Wamock, and M. J. Farrall, J. Org. Chem. 43, 2618 (1978). 

98. F. Freeman, C. R. Armstead, M. G. Essig, E. M. Karchefski, C. J. Kojima, V. C. Manopoli, and A. 
H. Wickman, unpublished data. 

99. F. Freeman, C. R. Armstead, E. M. Karchefski. and C. J. Kojima, unpublished data. 

100. A. H. Wickman, M. S. thesis. University of California—Irvine, 1977. 

101. C. J. Kojima, M. S. thesis. University of California—Irvine, 1979. 

102. M. S. Allen, N. Darby, P. Salisbury, E. R. Sigurdson, and T. Money. Can. J. Chem. 57, 733 (1979). 

103. G. K. Eigendorf, C. L. Ma, and T. Money, J. Chem. Soc. Chem. Commun. 1976, 561. 

104. J. Cason, P. Tavs, and A. Weiss, Tetrahedron 18, 437 (1962). 

105. A. £lard, C. R. Acad. Sci. 116. 434 (1893). 

106. O. H. Wheeler, Can. J. Chem. 36, 667 (1958). 

107. K. B. Wiberg, B. M. Marshall, and G. Foster, Tetrahedron Lett. 1962, 345. 

108. S. J. Cristol and K. R. Eilar, J. Am. Chem. Soc. 72, 4353 (1950). 

109. C. C. Hobbs, Jr., and B. Houston, J. Am. Chem. Soc. 76, 1254 (1954). 

110. S. Trofimenko, Chem. Rev. 72, 497 (1972). 

111. D. S. Fullerton and C.-M. Chen, Synth. Commun. 6, 217 (1976). 

112. Reference 3, pp. 119-124. 

113. R. C. Bingham and P. v. R. Schleyer, J. Org. Chem. 36, 1198 (1971). 

114. M. Darby, M. Lamb, and T. Money, Can. J. Chem. 57, 742 (1979). 

115. D. P. Archer and W. J. Hickinbottom, J. Chem. Soc. 1954, 4197. 

116. Y. Asahina, M. Ishidate, and T. Tukamoto. Chem. Ber. 69, 349 (1936). 

117. K. B. Wiberg and S. D. Nielsen, J. Org. Chem. 29, 3353 (1964). 

118. K. B. Wiberg and R. J. Evans, Tetrahedron 8, 313 (1960). 

119. R. Slack and W. A. Waters, J. Chem. Soc. 1948, 1666. 

120. R. Slack and W. A. Waters, J. Chem. Soc. 1949, 599. 

121. Y. Ogata, A. Fukui, and S. Yuguchi, J. Am. Chem. Soc. 74, 2707 (1952). 

122. Y. Ogata and H. Aikomoto, J. Org. Chem. 27, 294 (1962). 

123. R. A. Stairs and J. W. Burns, Can, J. Chem. 39, 960 (1961). 

124. R. A. Stairs, Can. J. Chem. 40, 1656 (1962). 

125. R. A. Stairs, Can. J. Chem. 42, 550 (1964). 

126. H. C. Duffin and R. B. Tucker, Tetrahedron 23, 2803 (1969). 



Oxidation by Oxochromium(VI) Compounds 


127. H. C. Duflin and R. B. Tucker, Tetrahedron 24, 389 (1968). 

128. O. H. Wheeler, Can. J. Chem. 42, 706 (1964). 

129. O. H. Wheeler, Can. J. Chem. 38, 2137 (1960). 

130. K. B. Wiberg and R. Eisenthal, Tetrahedron 20, 1151 (1964). 

131. I. Necsoui. A. T. Balaban, I. Pascaru, E. Elian, M. Elian, and C. D. Nenitzescu, Tetrahedron 19, 
1133 (1963). 

132. D. G. Lee and U. A. Spitzer, Can. J. Chem. 49, 2763 (1971). 

133. J. C. Bixel and D. Drayer, I. E.C. Process Des. Dev. 5, 376 (1966). 

134. F. Freeman. Chem. Rev. 75, 439 (1975). 

135. F. Trifiro, Chim. Ind. (Milan) 56, 835 (1974); Chem. Abstr. 82, 111119 (1974). 

136. K. B. Sharpless, A. Y. Teranishi. and J. E. Backvall, J. Am. Chem. Soc. 99, 3120 (1977). 

137. A. K. Awasthy and J. Rocek, J. Am. Chem. Soc. 91, 991 (1969). 

138. J. Rocek and J. C. Drozd, J. Am. Chem. Soc. 92, 6668 (1970). 

139. J. C. Drozd, Ph. D. thesis. University of Illinois—Chicago Circle, 1971; Diss. Abstr. Int. B 32, 2606 
(1971). 

140. D. N. Vyas, S. B. Mehta, and S. H. Mehta, Chem. Era. 11, 14 (1976). 

141. D. N. Vyas, R. K. Malkani. S. B. Mehta, and S. H. Mehta, Chem. Era. 13. 33 (1977). 

142. F. Freeman, P. J. Cameron, and R. H. Dubois, J. Org. Chem. 33, 3970 (1968). 

143. F. Freeman, R. H. Dubois, and N. J. Yamachika, Tetrahedron 25, 3441 (1969). 

144. F. Freeman and N. J. Yamachika, J. Am. Chem. Soc. 92, 3730 (1970). 

145. F. Freeman, P. J. Cameron, R. H. Dubois, in Fundamental Organic Chemistry Laboratory Manual , 
K. T. Finley and J. Wilson, Eds., Prentice-Hall, Englewood Cliffs, New Jersey, 1970, pp. 54-56. 

146. F. Freeman. P. D. McCart, and N. J. Yamachika, J. Am. Chem. Soc. 92, 4621 (1970). 

147. F. Freeman and P. D. McCart, unpublished data. 

148. F. Freeman. R. H. Dubois, and T. G. McLaughlin, Org. Synth. 51, 4 (1971). 

149. F. Freeman and N. J. Yamachika, J. Am. Chem. Soc. 94, 1214 (1972). 

150. F. Freeman and K. W. Arledge, J. Org. Chem. 37, 2656 (1972). 

151. F. W. Bachelor and U. O. Cheriyan, Tetrahedron Lett. 1973, 3291. 

152. F. W. Bachelor and U. O. Cheriyan, J. Chem. Soc. Chem. Commun. 1973, 195. 

153. F. W. Bachelor and U. O. Cheriyan, Can. J. Chem. 54, 3383 (1976). 

154. H. Schildknecht, private communication. 

155. A. Schmidt, private communication. 

156. A. Schmidt. Ph. D. thesis. Ruprecht-Karl-Universitat, Herdelberg, 1966. 

157. S. K. Chung, Tetrahedron Lett. 1978, 3211. 

158. K. B. Sharpless and A. Y. Teranishi, J. Org. Chem. 38, 185 (1973). 

159. A. K. Rappe and W. A. Goddard, III, J. Am. Chem. Soc. 102, 5114 (1980). 

160. A. K. Rappe and W. A. Goddard, III, Nature 285, 311 (1980). 

161. F. H. Westheimer and A. Novick, J. Chem. Phys. 11, 506 (1943). 

162. W. Watanabe and F. H. Westheimer. J. Chem. Phys. 17, 61 (1949). 

163. F. H. Westheimer and N. Nicolaides, J. Am. Chem. Soc. 71, 25 (1949). 

164. M. Cohen and F. H. Westheimer, J. Am. Chem. Soc. 74, 4387 (1957). 

165. P. Mueller and J. C. Perlberger, Helv. Chim. Acta 57, 1943 (1974). 

166. P. Mueller and J. C. Perlberger, J. Am. Chem. Soc. 97, 6862 (1975). 

167. K. D. Gupta and D. Guha, J. Inst. Chem. Calcutta 46, Pt. 1, 24 (1974). 

168. H. Kwart and J. H. Nickle, J. Am. Chem. Soc. 98, 2881 (1976). 

169. P. M. Nave and W. S. Trahanovsky, J. Am. Chem. Soc. 92, 1120 (1970). 

170. N. Venkatasubramanian and G. Srinivasan, Proc. Indian Acad. Sci. Sec. A 71, 1 (1970). 

171. P. Mueller and J. C. Perlberger, J. Am. Chem. Soc. 98, 8407 (1976). 

172. K. B. Wiberg and S. K. Mukherjee, J. Am. Chem. Soc. 96. 1884 (1974). 

173. H. C. Brown, C. G. Rao, and S. U. Kulkami. J. Org. Chem. 44, 2809 (1979). 

174. K. K. Banerji, Bull. Chem. Soc. Jpn. 51, 2732 (1978). 

175. K. N. Saran, M. N. Dash, and R. C. Acharya, Acta Cienc. Indica. Ser. Chem. 6, 56 (1980); Chem. 
Abstr. 90. 3589 (1981). 

176. D. G. Lee and U. A. Spitzer, Can. J. Chem. 53. 3709 (1975). 

177. K. K. Banerji, J. Chem. Soc. Perkin Trans 2 1978, 639. 

178. A. M. Martinez, G. E. Cushmac, and J. Rocek, J. Am. Chem. Soc. 97, 6502 (1975). 

179. J. Rocek, A. M. Martinez, and G. E. Cushmac, J. Am. Chem. Soc. 95, 5425 (1973). 

180. K. B. Wiberg and S. K. Mukherjee, J. Am. Chem. Soc. 96, 6647 (1974). 

181. G. P. Panigrahi and D. D. Mahaptro, Indian J. Chem. Sec. A 19A. 579 (1980). 



112 


Fillmore Freeman 


182. R. Durand, P. Geneste, G. Lamaty, and J. P. Roque, Reel. Trav. Chim. Pays-Bas. 94, 131 (1975). 

183. V. M. S. Ramanujam, N. Venkatasubramanian. and S. Sundaram. Aut. J. Chem. 30, 325 (1977). 

184. D. G. Lee and M. Raptis, Tetrahedron 29, 1481 (1973). 

185. P. L. Mayak and N. C. Khandual. Proc. Indian Acad. Sci. Sec. A 79, 33 (1974). 

186. K. B. Wiberg, O. Aniline, and A. Gatzke, J. Org. Chem. 37, 3229 (1972). 

187. M. N. Dash, N. K. Saran. and R. C. Acharya, J. Indian Chem. Soc. 56, 1208 (1979). 

188. P. S. Subramanian and D. R. Nagarajan, Indian J. Chem. Sec. A 17A, 170 (1979). 

189. P. V. S. Rao, K. S. Murty, and R. V. S. Murty, Z. Phys. Chem. (Leipzig) 258, 407 (1977). 

190. M. R. Nair, S. Hilgard, J. Klinot, K. Waisser, and A. Vystrcil, Collect. Czech. Chem. Commun. 41, 
770 (1976). 

191. N. D. Dhar and A. K. Singh, Z. Nalurforsch. B. Anorg. Chem. Org. Chem. 32B, 1476 (1977). 

192. S. Ramesh, J. Rocek, and D. A. Schoeller, J. Phys. Chem. 82, 2751 (1978). 

193. G. Piancatelli, A. Scettri, and M. D’Auria, Synthesis 1982, 245. 

194. G. P. Panigrahi and D. D. Mahapatro, Ini. J. Chem. Kinel. 13, 85 (1981). 

195. G. Piancatelli, S. Scettri, and M. D’Auria, Tetrahedron Lett. 1977, 2199. 

196. R. Slack and W. A. Water, J. Chem. Soc. 1949, 594. 

197. A. C. Chatterji and S. K. Mukherjee, Z. Phys. Chem. (Leipzig) 210, 166 (1959). 

198. J. Rocek and F. H. Westheimer, J. Am. Chem. Soc. 84, 2241 (1962). 

199. Y. W. Chang and F. H. Westheimer, J. Am. Chem. Soc. 82. 1401 (1960). 

200. U. Shanker and B. P. Gyani, J. Indian Chem. Soc. 54, 1197 (1977). 

201. D. N. Vyas, S. B. Mehta, and S. H. Mehta, Chem. Era. 11, 26 (1975); Chem. Abslr. 85, 45774b 
(1976). 

202. G. Piancatelli, A. Scettri, M. D’Auria, Tetrahedron Lett. 1977, 3483. 

203. G. T. E. Graham and F. H. Westheimer, J. Am. Chem. Soc. 80, 3030 (1958). 

204. K. B. Wiberg and T. Mill, J. Am. Chem. Soc. 80, 3022 (1958). 

205. K. B. Wiberg and G. Szeimies. J. Am. Chem. Soc. 96, 1889 (1974). 

206. A. C. Chatterji and S. K. Mukherjee, J. Am. Chem. Soc. 80, 3600 (1958). 

207. K. B. Wiberg and P. A. Lepse, J. Am. Chem. Soc. 86, 2612 (1964). 

208. J. Rocek and C.-S. Ng, J. Am. Chem. Soc. 96. 1522 (1974). 

209. J. Rocek and C.-S. Ng, J. Org. Chem. 38, 3348 (1973). 

210. J. Rocek, in The Chemistry of the Caronyl Group, S. Patai, Ed., Interscience. London, 1966, 
pp. 461-506. 

211. K. B. Wiberg and W. H. Richardson, J. Am. Chem. Soc, 84. 2800 (1962). 

212a. P. A. Best, J. S. Littler, and W. A. Waters, J. Chem. Soc. 1962, 822. 

212b. J. Rocek and A. Riehl, J. Org. Chem. 32, 3569 (1967). 

212c. J. Rocek and A. Riehl, J. Am. Chem. Soc. 88, 4749 (1966). 

212d. G. Petit. Bull. Soc. Chem. Fr. 12, 568 (1945). 

212e. K. Umeda and K. Tarama, Nippon Kagaku Zasshi 83, 1216 (1962); Chem. Abstr. 58. 12378 (1963). 

213. S. Sundaram and N. Venkatasubramanian, Indian J. Chem. 8, 1104 (1970). 

214. F. Hasan and J. Rocek. J. Am. Chem. Soc. 94, 9073 (1972). 

215. G. V. Bakore and S. Narain. J. Chem. Soc. 1963, 3419. 

216. F. B. Beckwith and W. A. Waters. J. Chem. Soc. B. 1971, 1166. 

217. J. Sicher, M. Tichy. F. Sipos. and M. Pankova, Collect. Czech. Chem. Commun. 26, 2418 (1961). 

218. S. Sundaram and N. Venkatasubramanian. Indian J. Chem. 9. 1102 (1971). 

219. J. M. Antelo, J. M. Cachaza. and A. Castro, Acta Cient. Compostelana 14. 375 (1977); Chem. Abstr. 
87. 167207 (1977). 

220. K. K. Sen. Gupta, A. Sen. Gupta, P. K. Sen, and H. R. Chatterjee, Indian J. Chem. Sec. A 15A. 506 
(1977). 

221. R. Tawa and S. Hirose, Chem. Pharm. Bull. 28, 2136 (1980); Chem. Abstr. 93, 179103 (1980). 

222. S. V. P. Rao, K. S. Murty, P. S. N. Murty, and R. V. S. Murty, J. Indian Chem. Soc. 56, 604 (1979). 

223. J. Chudoba and K. Zeis, Sb. Vys. Sk. Chem — Technol. Praze Technol. Vodv F19, 159 (1974); Chem. 
Abstr. 86, 42824 (1974). 

224. J. Chudoba and K. Zeis, Acta Hvdrochim. Hydrobiol. 3, 275 (1975); Chem. Abstr. 83, 163349 (1975). 

225. V. P. Sherstyuk, V. G. Koshechko, and Yu V. Atamanyuk, Zh. Obsch. Kim. 50, 2153 (1980); Chem. 
Abstr. 94, 46497 (1980). 

226. R. K. Prasad and A. Kumar, J. Indian Chem. Soc. 50. 612 (1973). 

227. K. K. Sen Gupta, K. Kalyan, S. Sen Gupta, and H. R. Chatteijee, J. Inorg. Nucl. Chem. 38, 549 
(1976). 

228. G. P. Haight, Jr., T. J. Huang, and H. Platt, J. Am. Chem. Soc. 96, 3137 (1974). 



Oxidation by Oxochromium(VI) Compounds 


113 


229. V. M. S. Ramanujam, S. Sundaram. and N. Venkatasubramaman, Inorg. Chim. Acta 13, 133 (1975). 

230. M. T. Beck and D. A. Durham, J. Org. Nucl. Chem. 32. 1971 (1970). 

231. H. M. Singh and B. P. Gyani, Proc. Natl. Acad. Sci. India Sec. A 52, 191 (1972). 

232. A. McAuley and A. M. Olatunji, Can. J. Chem. 55, 3335 (1977). 

233. A. McAuley and A. Olatunji, Can. J. Chem. 55, 3328 (1977). 

234. J. P. McCann and A. McAuley, J. Chem. Soc. Dalton Trans. 1975, 783. 

235. A. Petri and I. Balcea, Stud. Univ. Babes-Bolyai Ser. Chem. 20. 67 (1975); Chem. Abstr. 84, 44629 
(1975). 

236. V. R. S. Rao, Fresenius' Z. Anal. Chem. 249. 189 (1970); Chem. Abstr. 72, 96488 (1970). 

237. A. M. Olatunji and A. McAuley, J. Chem. Soc. Dalton Trans. 1975, 682. 

238. V. Baliah and P. V. V. Satyanarayana. Indian J. Chem. Sec. A 16A, 966 (1978). 

239. R. Copalan and K. Subbarayan, J. Indian Chem. Soc. 56, 669 (1979). 

240. C. W. Marshall, R. E. Ray, l. Laos, and B. Riegel, J. Am. Chem. Soc. 79, 6308 (1957). 

241. Reference 2, pp. 12, 13. 

242. J. E. Shaw and J. J. Sherry, Tetrahedron Lett. 1971, 4379. 

243. R. D. Abell, J. Chem. Soc. 1951, 1379. 

244. R. Fittig, W. Ahrens, and L. Mattheides. Liebigs Ann. Chem. 147, 15 (1868). 

245. G. Schultz. Chem. Ber. 42, 3604 (1909). 

246. J. V. Karabinos, J. I. Wright, and H. F. Hipsher, J. Am. Chem. Soc. 68 , 906 (1946). 

247. Reference 2, p. 54. 

248. E. Boedtker, Bull. Soc. Chem. Fr. 25, 843 (1901). 

249. H. Meyer and K. Bemhauer, Monatsh. Chem. 53/54, 721 (1929). 

250. J. Shramm. Monatsh. Chem. 9, 613 (1888). 

251. E. A. vor Schweinitz, Chem. Ber. 19, 640 (1886). 

252. W. A. Waters, Nature 158, 380 (1946). 

253. Reference 3, pp. 86, 87. 

254. J. S. Swinehart. Organic Chemistry: An Experimental Approach , Appleton-Century Crafts, New 
York, 1969, p. 293. 

255. O. Kamm and A. O. Matthews, Org. Synth. Coll. Vol. I, 393 (1932). 

256. E. Borel and H. Devel, Helv. Chem. Acta 36, 801 (1953). 

257. H. T. Clarke and W. W. Hatman, Org. Synth. Coll. Vol. I, 543 (1932). 

258. G. H. Copper and R. L. Rickard, Synthesis 1971, 31. 

259. W. Hemilain. Chem. Ber. 7, 1206 (1874). 

260. M. Hanroit and O. Saint-Pierre, Bull. Soc. Chim. Fr. 1, 733 (1889). 

261. M. Marzadro and A. Mazzeo-Farina. Mikrochim. Acta 1969. 1292; Chem. Abstr. 72, 38679 (1969). 

262. B. Volakova and M. Jurecek, Anal. Fys. Melody Vvik. Plastic Pryskyric (Proc. Conf.) I, 3, (1971); 
Chem. Abstr. 78. 136832 (1971). 

263a. J. Ogelvie and R. S. Wilder, U.S. Patent No. 2,379,032 (1945). 

263b. J. Wolt, J. Org. Chem. 40. 1178 (1975). 

264. L. Friedman. Org. Synth. 43, 80 (1963). 

265. M. S. Newman and H. Boden. J. Org. Chem. 26, 1759 (1961). 

266. U. A. Spitzer, M. S. thesis. University of Saskatchewan—Regina, Canada, 1970. 

267. F. Freeman and D. L. Bond, unpublished data. 

268. N. M. Rybkina. L. A. Labutina, V. N. Glushko, and G. I. Mikhailov, Melody Poluch. Khim. 
Reaktiv. Prep., No. 22, 203 (1970); Chem. Abstr. 77. 5122 (1972). 

269. S. V. Lieberman and R. Connor, Org. Synth. Coll. Vol. II, 441 (1943). 

270. M. N. Shchukina and T. P. Sycheva, Zh. Obshchei Khim. 22, 1663 (1952). 

271. J. M. van der Zanden and G. de Vries, Reel. Trav. Chim. Bas-Pays 74. 1429 (1955). 

272. W. v. Miller and G. Rohde, Chem. Ber. 23, 1070 (1890). 

273. W. v. Miller and G. Rohde, Chem. Ber. 24, 1356 (1891). 

274. L. V. Sulima and I. P. Gragerov. J. Gen. Chem. USSR 29. 3787 (1959) (English transl.). 

275. M. Weiler. Chem. Ber. 32, 1050 (1899). 

276. H. D. Law and F. M. Perkin, J. Chem. Soc. 91, 258 (1907). 

277. H. D. Law and F. M. Perkin, J. Chem. Soc. 93, 1633 (1908). 

278. V. von Richter. Chem. Ber. 19, 1060 (1886). 

279. D. Kreile, I. A. Milman, D. Eglite, L. Krumina, D. Sile. A. Strautina, and V. A. Slavinskaya, Zh. 
Prikl. Khim. (Leningrad) 51, 1644 (1978); Chem. Abstr. 89. 179820 (1978). 

280. P. Vuppalapaty, Ph. D. thesis, Oklahoma State University—Stillwater. Oklahoma, 1979; Diss. 
Abstr. Ini. B 40. 3753 (1980). 



114 


Fillmore Freeman 


281. W. M. Harms and E. J. Eisenbraun. Org. Prep. Proceed. Ini. 4. 67 (1972). 

282. J. W. Burnham, W. P. Duncan, E. J. Eisenbraun, G. W. Keen, and M. C. Hamming, J. Org. Chem. 
39, 1416 (1974). 

283. J. W. Burnham, W. P. Duncan, and E. J. Eisenbraun. Prepr. Div. Pet. Chem. Am. Chem. Soc. 19, 
685 (1974). 

284. W. P. Duncan. J. W. Burnham, E. J. Eisenbraun, M. C. Hamming, and G. W. Keen, Svnth. Com- 
mun. 3, 89 (1973). 

285. P. I. Mikhailenko, A. P. Karishin, G. F. Dzhuhka, Yu. V. Samusenko, and V. I. Magda, Vstn. 
Kharkov. Politekhn. In-Ta. 1979, 24; Chem. Abstr. 92, 76167 (1980). 

286. L. A. Kororez, A. G. Zernov, and V. A. Yakobi, Prikl. Khim. (Leningrad) 51, 1826 (1978); Chem. 
Abstr. 89, 146179 (1978). 

287. L. A. Kororez, A. G. Zernov, and V. A. Yakobi, Tezisy Dokl. — UKR. Resp. Konf. Fiz. Khim.. 12th, 
135 (1977); Chem. Abstr. 92, 214620 (1980). 

288. C. F. H. Allen and J. A. Van Allan, Org. Synth. Coll. Vol IV, 197 (1963). 

289. K. B. Sharpless and T. C. Flood, J. Am. Chem. Soc. 93, 2316 (1971). 

290. D. Pletcher and S. J. D. Tait, J. Chem. Soc. Perkin Trans. 2 1979, 788. 

291. L. 1. Smith and I. M. Webster, J. Am. Chem. Soc. 59, 662 (1937). 

292. L. F. Fieser, W. P. Campbell, E. M. Fry, and M. D. Gates, J. Am. Chem. Soc. 61, 3216 (1939). 

293. M. A. ll’inskii and V. A. Kazakova, J. Gen. Chem. USSR 11, 16 (1941) (English transl.); Chem. 

Abstr. 35, 5487 (1941). 

294. R. Weissgerber and O. Krubea, Chem. Ber. 52, 346 (1919). 

295. I. M. Heilbron and D. G. Wilkinson, J. Chem. Soc. 1930, 2546. 

296. 1. M. Heilbron and D. G. Wilkinson, J. Chem. Soc. 1932, 2809. 

297. O. Fischer and A. Sapper, J. Prakt. Chem. [2] 83, 203 (1911). 

298. R. Anschutz, Liebigs Ann. Chem. 235, 319 (1886). 

299. J. Dewar and H. O. Jones, J. Chem. Soc. 85, 218 (1904). 

300. R. P. Linstead and W. v. E. Doering, J. Am. Chem. Soc. 64, 1998 (1942). 

301. R. Wendland and J. LaLonde, Org. Synth. Coll. Vol. IV, 757 (1963). 

302. R. Pschorr, Chem. Ber. 39, 3106 (1906). 

303. R. Pschorr, Chem. Ber. 39, 3128 (1906). 

304. J. Alamelu, K. S. Lalitha, M. S. V. Pathy, and H. V. K. Udupa, Trans. Soc. Adv. Electrochem. Sci. 
Technol. 5, 148 (1970); Chem. Abstr. IS, 29258 (1970). 

305. H. AuterhofT and M. Klien, Arch. Pharm. (Weinheim, Germany) 309, 326 (1976); Chem. Abstr. 85, 
25434 (1976). 

306. W. B. Sheats, L. K. Olli, R. Stout, J. T. Lundeen, R. Justus, and W. G. Nigh, J. Org. Chem. 44, 4075 
(1979). 

307. P. Sundararaman and W. Herz, J. Org. Chem. 42, 806, 813 (1977). 

308. W. Kruse, J. Chem. Soc. Chem. Commun. 1968, 1610. 

309. J. J. Baldwin, A. W. Raab, K. Mensler, B. H. Arison, and D. E. McClure, J. Org. Chem. 43, 4876 
(1978), and reference cited therein. 

310. A. Behr, Chem. Ber. 5. 277 (1872). 

311. H. Blitz, Liebigs Ann. Chem. 296. 219 (1897). 

312. W. Bockemuller and R. Janssen. Liebigs Ann. Chem. 542. 166 (1939). 

313. P. Barbier and R. Locquin, C. R. Acad. Sci. 156, 1443 (1913). 

314. H. Wieland, O. Schlichting, and R. Jacobi, Z. Physiol. Chem. 161, 80 (1926). 

315. L. F. Fieser and M. Fieser, Natural Products Related to Phenanthrene, 3rd. ed., Reinholdt, New 
York. 1949, p. 227. 

316. W. J. Hickinbottom and G. E. Moussa, J. Chem. Soc. 1957, 4195. 

317. G. E. M. Moussa and N. F. Eweiss, J. Appl. Chem. 19, 313 (1969). 

318. G. E. M. Moussa and S. O. Abdalla, J. Appl. Chem. 20, 256 (1970). 

319. G. E. M. Moussa, J. Appl. Chem. (London) 12, 385 (1962). 

320. G. S. Aulakh. M. S. Wadia, and P. S. Kalsi, Chem. Ind. (London) 1970. 802. 

321. P. S. Kalsi, K. S. Kumar, and M. S. Wadia. Chem. Ind. (London) 1971, 31. 

322. H. R. Rogers, J. X. McDermott, and G. M. Whitesides. J. Org. Chem. 40, 3577 (1975). 

323. G. Cardillo and M. Shimizu, J. Org. Chem. 42. 4268 (1977). 

324. K. B. Sharpless and A. Y. Teranishi, J. Org. Chem. 38, 185 (1973). 

325. R. A. Stairs. D. G. M. Diaper, and A. L. Gatzke, Can. J. Chem. 41, 1059 (1963). 

326. A. L. Gatzke, Ph. D. thesis. Queen’s University, Kingston, Ontario, Canada (1964). 

327. V. Psemetchi, I. Nesoiu, M. Rentea, and C. D. Nenitescu, Rev. Roum. Chem. 14, 1567 (1969). 



Oxidation by Oxochromium(VI) Compounds 


115 


328. C. N. Rentea, I. Nesoiu. M. Rentea, A. Ghenciulescu, and C. D. Nenitzescu, Tetrahedron 22, 3501 
(1966). 

329. T. H. Jones, M. S. Blum, and H. M. Fales, Tetrahedron Lett. 21, 1701 (1980). 

330. A. L. Gatzke, R. A. Stairs, and D. G. M. Diaper, Can. J. Chem. 46, 3695 (1968). 

331. F. W. Bachelor and U. O. Cheriyan, Can. J. Chem. 50, 4022 (1972). 

332. I. I. Schiketanz, A. Hanes, and I. Necsoiu, Rev. Roum. Chim. 22, 1097 (1977). 

333. D. H. R. Barton, P. J. L. Daniels, J. F. McGhie, and P. J. Palmer, J. Chem. Soc. 1963, 3675. 

334. L. M. Baker and W. L. Carrick, J. Org. Chem. 35, 744 (1970). 

335. C. G. Rao, S. U. Kulkami, and H. C. Brown, J. Organomet. Chem. 172, C20-C22 (1979). 

336. V. V. R. Rao, D. Devaprobhakara, and S. Chandrasekaran, J. Organomet. Chem. 162, C9-C10 
(1978). 

337. L. Schweiter, W. Arnold, W. E. Oberhaensli, N. Rigassi, and W. Vetter, Heir. Chim. Acta 54, 2447 
(1971). 

338. P. A. Wender, M. A. Fissenstat, and M. P. Filosa, J. Am. Chem. Soc. 101, 2196 (1979). 

339. J. A. Marshall and P. G. M. Wuts, J. Org. Chem. 42. 1794 (1977). 

340. E. J. Corey, H. E. Ensley, and J. W. Suggs, J. Org. Chem. 41, 380 (1976). 

341. E. J. Corey, S. M. Albonico, U. Koelliker, J. K. Shaaf, and R. V. Varma, J. Am. Chem. Soc. 93, 1491 
(1971). 

342. E. J. Corey and H. E. Ensley, J. Am. Chem. Soc. 97, 6908 (1975). 

343. E. J. Corey and D. L. Boger, Tetrahedron Lett. 1978, 2461. 

344. W. A. Mosher and D. M. Preiss, J. Am. Chem. Soc. 75, 5605 (1953). 

345. J. Hampton, A. Leo, and F. H. Westheimer, J. Am. Chem. Soc. 78, 306 (1956). 

346. J. J. Cawley and F. H. Westheimer. J. Am. Chem. Soc. 85, 1771 (1963). 

347. J. Rocek. Collect. Czech. Chem. Commun. 23, 833 (1957). 

348. J. Rocek, Collect. Czech. Chem. Commun. 25, 375 (1960). 

349. E. Wertheim, J. Am. Chem. Soc. 44, 2658 (1922). 

350. C. D. Hurd and R. N. Meinert, Org. Synth. Coll. Vol. II, 541 (1943). 

351. W. Fossek, Monatsh. Chem. 4, 660 (1883). 

352. E. J.. Badin and E. Pacsu, J. Am. Chem. Soc. 67, 1352 (1945). 

353. C. Weygand, Organic Preparations, Wiley (Interscience), New York, 1945, p. 143. 

354. R. Kuhn and C. Grundmann. Chem. Ber. 70, 1894 (1937). 

355. N. Zelinsky and J. Gutt, Chem. Ber. 40, 3050 (1907). 

356. J. C. Martin, E. I. Schepartz, and B. F. Daubert, J. Am. Chem. Soc. 70, 2601 (1948). 

357. M. Jacobson, J. Am. Chem. Soc. 72, 1489 (1950). 

358. J. Sauer, Org. Synth. Coll. Vol. IV, 813 (1963). 

359. M. Stoll and A. Commarmont, Helv. Chim. Acta 32, 1355 (1949). 

360. A. L. Henne, R. L. Pelley, and R. M. Aim, J. Am. Chem. Soc. 72, 3370 (1950). 

361. L. Grindraux, Helv. Chim. Acta 12, 921 (1929). 

362. B. L. West, J. Am. Chem. Soc. 42, 1656 (1920). 

363. K. Ziegler and P. Tiemann, Chem. Ber. 55, 3406 (1932). 

364. W. S. Emerson and T. M. Patrick, Jr., J. Org. Chem. 14, 799 (1949). 

365. E. Gryszkiewiez-Trochimowski, Reel. Trav. Chim. Pays-Bas 66, 430 (1947). 

366. I. M. Heilbron, E. R. H. Jones, and F. Sondheimer, J. Chem. Soc. 1949, 604. 

367. W. Marckwald, Chem. Ber. 37, 1038 (1904). 

368. A. Darapsky and W. Engels, J. Prakt. Chem. 146, 238 (1936). 

369. Reference 3, pp. 146-150. 

370. E. J. Eisenbraun, Org. Synth. 45, 28 (1965). 

371. H.-J. Liu, Can. J. Chem. 54, 3113 (1976). 

372. O. I. Fedorova, S. D. Shuvalova. G. S. Grinenko, L. I. Lisitsa, and A. I Terekhina, Khim. Farm. Zh. 
10, 110 (1976); Chem. Abstr. 87, 23594 (1976). 

373. Ko N. M. Slyn. M. K. Mironova, and V. A. Barkhash, Zh. Org. Khim. 12, 1922 (1976); Chem. 
Abstr. 86, 43422 (1977). 

374. S. T. Nandibewoor and J. R. Rajia, J. Indian Chem. Soc. 55, 1284 (1978). 

375. P. P. Pai, and G. H. Kulkami, Indian J. Chem. Sect. B 15B, 959 (1977). 

376. H. C. Brown, C. P. Garg, and K.-T. Lui, J. Org. Chem. 36, 387 (1971). 

377. Y. S. Rao and R. Filler, J. Org. Chem. 39, 3304 (1974). 

378. R. E. Lyle, J. E. Maloney, and R. J. White, Org. Prep. Proceed. Ini. 12, 255 (1980). 

379. Y. Tobe, K. Kimura. and Y. Odaira, J. Org. Chem. 44, 639 (1979). 

380. K. B. Sarkhel and J. N. Srivastava, J. Indian Chem. Soc. 55, 194 (1978). 



116 


Fillmore Freeman 


381. T. T. Minasyan and Sh. O. Badanyan, Arm. Khim. Zh. 32, 542 (1979). 

382. D. P. Schwartz and S. F. Osman, Anal. Biochem. 80. 70 (1977). 

383. M. I. Bowman. C. E. Moore, H. R. Deutsch, and J. L. Hartman, Trans. Kentucky Acad. Sci. 14, 33 
(1953). 

384. L. F. Fieser, J. Am. Chem. Soc. 75. 4386 (1953). 

385. R. Jeanne-Cariier and F. Bourelle-Wargnier, Tetrahedron Lett. 1975, 1841. 

386. R. Jeanne-Cariier and F. Bourelle-Wargnier, Bull. Soc. Chim. Fr. 1976, 297. 

387. E. Santaniello and P. Ferraboschi, Nouv. J. Chim. 4, 279 (1980). 

388. T. Matsuura and T. Suga, Koryo 62, 13 (1961). 

389. Sh. O. Badanyan and T. T. Minasyan, Arm. Khim. Zh. 31, 452 (1978). 

390. E. J. Parish and G. J. Schroepfer, Chem. Phys. Lipids 27, 281 (1980). 

391. E. J. Parish and G. J. Schroepfer, Chem. Phys. Lipids 25, 381 (1979). 

392. G. J. Schroepfer, E. J. Parish, H. W. Chen, and A. A. Kandutsch, J. Biol. Chem. 252, 8975 (1977). 

393. A. J. Fatiadi, Synthesis 1976, 65, 135. 

394. W. G. Dauben and D. M. Michno, J. Org. Chem. 42, 682 (1977). 

395. J. H. Babler and M. J. Coghlan, Synth. Commun. 6, 469 (1976). 

396. E. Wada, M. Okawara, and T. Nakai, J. Org. Chem. 44, 2952 (1979). 

397. Y. S. Cheng, W. L. Lui, and S. H. Chen, Synthesis 1980. 223. 

398. J. R. Corrigan and W. M. Coates, U.S. Patent No. 80,272 (1972); Chem. Abstr. 76. 99343 (1972). 

399. R. Antonioletti, M. D'Auria, G. Piancatelli, and A. Scettri, Tetrahedron Lett. 22. 1041 (1981). 

400. R. O. Hutchins, N. R. Natale, and W. J. Cook, Tetrahedron Lett. 1977, 4167. 

401. V. I. Stenberg and R. J. Perkins, J. Org. Chem. 28, 323 (1963). 

402. E. S. Rothman. M. E. Wall, and C. R. Eddy, J. Am. Chem. Soc. 76, 527 (1954). 

403. W. A. Mosher and J. R. Celeste, Rev. Chim. Acad. Rep. Populaire Roumaine 7. 1085 (1962). 

404. R. F. Butterworth and S. Hanessian, Synthesis 1971, 70. 

405. G. Y. Wu and M. Sugihara. Carbohydr. Res. 13, 89 (1970). 

406. S. Hanessian and T. H. Haskell, J. Heterocycl. Chem. 1, 55 (1964). 

407. R. E. Arrick, D. C. Baker, and D. Horton, Carbohydr. Res. 26, 441 (1973). 

408. M. L. Wolfrom and S. Hanessian, J. Org. Chem. 27, 2107 (1962). 

409. E. Walton, J. E. Rodin, D. H. Stammer, F. W. Holly, and K. Folkers, J. Am. Chem. Soc. 80, 5168 
(1958). 

410. A. S. Jones, A. R. Williamson, and M. Winkley, Carbohydr. Res. 1, 187 (1965). 

411. D. R. Hicks and B. Fraser-Reid, J. Chem. Soc. Commun. 1976, 869. 

412. D. H. Hollenberg, R. S. Klein, and J. J. Fox, Carbohydr. Res. 67. 491 (1978). 

413. J. Herscovici and K. Antonakis, J. Chem. Soc. Chem. Commun. 1980, 561. 

414. H. Tanaka, I. Sakata, and R. Senju, Bull. Chem. Soc. Jpn. 42, 212 (1970); Chem. Abstr. 72, 89498a 
(1970). 

415. J. A. Strickson and C. A. Brooks. Tetrahedron 23, 2817 (1967). 

416. J. A. Strickson and M. Leigh, Tetrahedron 24, 5145 (1968). 

417. M. J. Leigh and J. A. Strickson, J. Chem. Soc. Perkin Trans. 2 1973, 1476. 

418. J. F. Harrod and A. Pathak. Can. J. Chem. 58. 686 (1980). 

419. M. F. C. Ladd. D. C. Povey, and R. Thomas, J. Chem. Soc. Chem. Commun. 1973, 333. 

420. O. C. Musgrove, Chem. Rev. 69. 499 (1969). 

421. B. S. Bal. K. S. Kochlar, and H. W. Pinnick, J. Org. Chem. 46. 1492 (1981). 

422. D. H. Olson, Diss. Abstr. 23, 839 (1962). 

423. I. T. Harrison and S. J. Harrison. J. Chem. Soc. Chem. Commun. 1966, 752. 

424. S. J. Angyal and K. James, Carbohydr. Res. 12. 147 (1970). 

425. T. Panea and M. Moldovan, Rev. Roum. Chim. 25, 691 (1980); Chem. Abstr. 94, 65596 (1981). 

426. A. Ghenciulescu. I. Necsoiu, and C. D. Nenitzescu, Rev. Roum. Chim. 14, 1553 (1969); Chem. Abstr. 
73, 3291 (1970). 

427. G. V. Asratyan, T. T. Minasyan, and Sh. O. Badanyan, Arm. Khim. Zh. 28, 1014 (1975). 

428. G. F. Reynolds, G. H. Rasmusson. L. Birladeanu, and G. E. Arth. Tetrahedron Lett. 1970, 5057. 

429. G. Piancatelli. A. Scettri. and M. D’Auria, Tetrahedron Lett. 1979, 1507. 

430. Y. Lefebvre. Tetrahedron Lett. 1972, 133. 

431. G. Piancatelli, A. Scettri, and M. D’Auria, Tetrahedron 36, 661 (1980). 

432. M. D’Auria, G. Piancatelli, and A. Scettri, Tetrahedron 36, 1877 (1980). 

433. J. P. Willis. K. A. Z. Gogina, and L. L. Miller, J. Org. Chem. 46, 3215 (1981). 

434. L. R. Subramanian and G. S. K. Rao. J. Indian Inst. Sci. 52, 112 (1970). 

435. K. Nakanishi and L. F. Fieser, J. Am. Chem. Soc. 74, 3910 (1952). 



Oxidation by Oxochromium(VI) Compounds 


117 


436. F. Mares and J. Rocek. Colled. Czech. Chem. Commun. 26, 2389 (1961). 

437. J. Cason, J. S. Fessenden, and C. L. Agre, Tetrahedron 7, 289 (1959). 

438. S. Sundaram and N. Venkatasueramanian. Proc. Indian Acad. Sci. Sec. A 70, 157 (1969). 

439. K. K. Sengupta, A. K. Chatterjee, B. B. Pal, and N. Sasmal, Z. Phys. Chem. {Frankfurt Am Main) 
72, 330 (1970). 

440. E. T. Chapman and M. H. Smith, J. Chem. Soc. 20, 173 (1867). 

441. L. Dyksterhuis and D. E. A. Rivett, J.S. African Chem. Inst. 15, 20 (1962). 

442. H. C. Brown, U. S. Kulkami, and G. C. Rao, Synthesis 1979, 702. 

443. 1. T. Harrison and S. Harrison, Compendium of Organic Synthetic Methods, Vol. 1, Wiley-In- 
terscience. New York, 1971, p. 132. 

444. E. Glotter, P. Krinsky-Feibush, and Y. Rabinsohn, J. Chem. Soc. Perkin Trans. I 1980, 1769. 

445. R. Mechoulam, K. Luchter, and A. Goldblum, Synthesis 1974, 363. 

446. A. Goldblum and R. Mechoulam, J. Chem. Soc. Perkin Trans. I 1977, 1889. 

447. E. J. Bailey, J. Elks, and D. H. R. Barton, Proc. Chem. Soc. 1960, 215. 

448. T. Nambara and J. Fishman, J. Org. Chem. 27. 2131 (1962). 

449. W. S. Johnson, B. Gastambide, and R. Pappo, J. Am. Chem. Soc. 79, 1991 (1957). 

450. M. R. Mahmoud, 1. M. Issa, M. A. Ghandour, and A. M. Hamman, Indian J. Chem. Sec. A 14A, 70 
(1976). 

451. A. Vanni and P. Amico, Ann. Chim. (Rome) 67, 321 (1977);Oiem. Abstr. 89, 70314 (1977). 

452. M. Jurecek and P. Kozak, Mikrochim. Acta 1970, 600. 

453. F. Bois, A. Berod, H. Chermette, J. F. Pujol, and P. Blond, Mikrochim. Acta 2, 221 (1978). 

454. M. Jurecek, P. Kozak, and Z. Kasparova-Bohackova, Collect. Czech. Chem. Commun. 37, 8 (1972). 

455. P. Kozak, M. Jurecek, and J. Sramkova, Mikrochim. Acta 2, 423 (1976). 

456. M. Jurecek, J. Sramkova, and P. Kozak, Collect. Czech. Chem. Commun. 41, 2187 (1976). 

457. M. Jurecek, P. Kozak, and J. Sramkova-Bartosova. Collect. Czech. Chem. Commun. 38, 673 (1973). 

458. W. Costain and B. W. H. Terry, Germ. Offen. Brit. 041171 (1971); Chem. Abstr. 76, 33964 (1971). 

459. F. W. Neumann and C. W. Gould, Anal. Chem. 25, 751 (1953). 

460. A. T. Bottini and R. E. Olsen, J. Org. Chem. 27, 452 (1962). 

461. N. F. Tyupalo, A. A. Stepanyan, V. A. Yakolu, and R. G. Zaika, Dopov. Akad. Nauk UKR, RSR, 
Ser. B: Geol. Khim. Biol. Nauki 1976, 1006; Chem. Abstr. 86, 71428 (1976). 

462. N. F. Tyupalo, A. A. Stepanyan, and V. A. Yakolu, Mater.- Vses. Mezhvuz Konf. Ozona 2nd. 1977, 
56; Chem. Abstr. 90, 72109 (1977). 

463. C. M. Atkinson. J. C. E. Simpson, and A. Taylor, J. Chem. Soc. 1954, 165. 

464. K. Schofield and R. S. Theobald, J. Chem. Soc. 1949, 797. 

465. D. M. Harrison, J. Chem. Soc. Perkin Trans. I 1974, 2609. 

466. S. Inaba. K. Ishizumi. K. Mori, and H. Yamamoto, Chem. Pharm. Bull. 23, 2421 (1975); Chem. 
Abstr. 84, 16538 (1975). 

467. V. Sprio, S. Petruso, L. Ceraulo, and L. Lamartina, J. Heterocycl. Chem. 14, 797 (1977). 

468a. M. F. Bartlett, B. F. Lambert, and W. I. Taylor, J. Am. Chem. Soc. 86, 729 (1964). 

468b. A. Cave, C. Kan-Fan, P. Potier, J. LeMen, and M. M. Jant, Tetrahedron 23, 4691 (1967). 

468c. T. R. Govindochari. B. P. Pai, S. Rajappa, N. Viswanathan, W. G. Kump, K. Nagarajan, and H. 

Schmid. Helv. Chim. Acta 45, 1146 (1962) 

469. S. C. Pakrashi and J. Bhattacharyya, Tetrahedron 24, 1 (1968). 

470. S. C. Pakrashi, S. Chattopadhyay, and A. K. Chakravarty, J. Org. Chem. 41, 2108 (1976). 

471. K. Ishizumi, S. Inaba. and H. Yamamoto, J. Org. Chem. 38, 2617 (1973). 

472. J. R. Maloney, R. E. Lyle, J. E. Saavedra, and G. L. Lyle, Synthesis 1978, 212. 

473. J. Drabowicz. Synthesis 1980, 125. 

474. J. S. Sandhu, S. Mohan, and P. S. Sethi, Chem. Ind. (London) 1970, 1297. 

475. M. F. El-Tarras, M. M. Amer. N. B. Tadros, and M. R. Zawahry, Bull. Fac. Pharm., Cairo Univ. 14, 
11 (1976). 

476. I. Baldea and S. Schoen, Stud. Univ. Babes-Bolyai Ser. Chem. 18, 47 (1973); Chem. Abstr. i’9, 
136207 (1973). 

477. G. P. Shamin and V. V. Nurgatin, Zh. Org. Khim. 8, 1493 (1972); Chem. Abstr. 77, 113951 (1972). 

478. J. Stenhouse, Liebigs Ann. Chem. 140, 290 (1866). 

479. F. Ewerlof, Chem. Ber. 4, 717 (1871). 

480. R. L. Shriner, H. C. Struck, and W. J. Jorison, J. Am. Chem. Soc. 52, 2060 (1930). 

481. G. Cardillo, M. Orena, and S. Sandri, Tetrahedron Lett. 1976, 3985. 

482. T. H. Fischer and W. Dowd, U.S. Patent No. 4,174,352 (1979); Chem. Abstr. 92, 41600 (1980). 

483. G. Cardillo, M. Orena, and S. Sandri. J. Chem. Soc. Chem. Commun. 1976, 190. 



118 


Fillmore Freeman 


484. H. C. Brown and C. P. Garg, J. Am. Chem. Soc. 83, 2951 (1961). 

485. J. F. Bagli, P. F. Morana, and R. Gaudry, J. Org. Chem. 27, 2938 (1962). 

486. R. K. Hill and A. G. Edwards, Tetrahedron 21, 1501 (1965). 

487. L. G. Wideman, J. Org. Chem. 33, 4541 (1968). 

488. W. R. Moore and W. R. Moser, J. Org. Chem. 35, 908 (1970). 

489. P. T. Lansbury and E. J. Neinhouse, Chem. Commun. 1966, 273. 

490. M. M. Bhagwat, I. Mehrotra, and D. Devaprabhakara, J. Organometallic Chem. 82, C27 (1974). 

491. H. C. Brown, S. U. Kulkarni, and C. G. Rao, Synthesis 1979, 702. 

492. J. C. Ware and T. G. Traylor, J. Am. Chem. Soc. 85, 3026 (1963). 

493. H. Minato, J. C. Ware, and T. G. Traylor, J. Am. Chem. Soc. 85, 3024 (1963). 



3 


The Oxidation of Organic Compounds by 
Active Manganese Dioxide 

Alexander J. Fatiadi 


1. INTRODUCTION 

In the series of reagents used in heterogeneous oxidation reactions, active manganese dioxide 
has acquired a prominent place among such oxidants as copper oxide, mercury(II) oxide, 
silver oxide, lead dioxide, sodium bismuthate, 13 nickel peroxide, 4,5 manganese!Ill) 
acetate, 6,7 silver carbonate on Celite, 8 seloxcette 9 (chromic anhydride intercalated in 
graphite), and the recently introduced potassium permanganate on molecular sieves 10 and 
barium manganate (BaMn0 4 ). 11,12 The last two reagents 10,11 may be efficient oxidants for 
the conversion of alcohols into carbonyl compounds (under mild conditions). 

The discovery by Ball, Goodwin, and Morton 13 over 30 years ago of almost quantitative 
conversion of vitamin A, into retinal by precipitated manganese dioxide was quickly 
followed by the realization that this new type of reaction involves a special or “active” form 
of the oxidant. Today, active manganese dioxide is an established reagent for many useful 
oxidative transformations. Thus, the reagent in neutral media has been extensively applied 
for the selective oxidation of a,/?-unsaturated alcohols (ethylenic, acetylenic, and benzylic); 
also of saturated alcohols, phenols, and polyhydroxy compounds. Subsequent studies have 
shown that, besides alcohols, many other classes of organic compounds are oxidized by this 
reagent, including amines, hydrazines, hydrocarbons, heterocyclic compounds, and various 
natural products. The literature on the subject is substantial, and includes several 
reviews. 14-19 The manganese dioxide oxidation of organic nitrogen compounds 20 or 
steroids 21 under neutral conditions has also been reviewed; Chinn 22 discussed some synthetic 
and mechanistic aspects of manganese dioxide oxidations as compared to other oxidants. 

The aim of this chapter is to discuss important synthetic applications of active 
manganese dioxide, and to show its selectively and specificity as an oxidant, as a 
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dehydrogenation reagent, as a coupling reagent, and as a selective, analytical tool in the 
determination of the structure of complex, organic molecules derived from natural products. 
The review also includes a discussion of the mechanism of action, and of the complexity of 
the heterogenous reactions. The literature cited covers the period ending June 1984. 


1.1. Types and Methods of Preparation of Active Manganese Dioxide 

Active manganese dioxide has been prepared by several methods, 1518 ' 2324 giving 
products of various activities. 15 ' 8 The present commercial sources of active manganese 
dioxide (e.g., Aldrich Chemical Co., Madison, Wisconsin, U.S.A.; E. Merck, Darmstadt, 
West Germany; or BHD Lab, London, England) offer a reagent that gives reproducible 
results (eg., in the oxidation of a,/5-unsaturated alcohols). The general procedure for the 
preparation of the active form of manganese dioxide involves precipitation of the reagent by 
mixing warm, aqueous solutions of manganese sulfate and potassium permanganate at 
various pH values. The method of Attenburrow, Cameron, and Chapman (ACC method) 25 
requires alkaline conditions (to afford a very active and widely used reagent), whereas the 
procedure of Mancera, Rosenkranz, and Sondheimer (MRS) 26 employs acid conditions (to 
give a second, widely used reagent). The preparation of a special type of active manganese 
dioxide (acid conditions), either by mixing of aqueous solutions of manganese dichloride and 
potassium permanganate at 70°C, 19 or by mixing hot or cold (0~10°C) solutions of 
manganese sulfate and potassium permanganate. 24 has been reported. The original method 13 
employs a neutral medium, to give a somewhat less active product. After thorough washing 
with water, the precipitated material is usually activated by drying at 110-120°C for 12-24 h; 
however, drying of the oxide for a longer time at 125°C gives more active material. 27 
Another widely accepted method for the preparation of active manganese dioxide involves 
pyrolysis of manganese salts such as the carbonate, 28 oxalate, 28 or nitrate 29 at 250-300°C; 
the product may be used directly, although the activity of these oxides is increased by 
washing with dilute, aqueous nitric acid and drying 28 at 230°C, but drying of this material at 
150°C for 18 h gives a more active form. 30 Active manganese dioxide has also been prepared 
by wet oxidation of manganous carbonate (MnC0 3 + HN0 3 /NaC10 3 -» MnO ; ). 31 Still 
another procedure for preparing active manganese dioxide involves passing ozone through 
an acadic solution of a manganese salt. 32 

Goldman 33 reported that the wet filter-cake of manganese dioxide prepared by Atten- 
burrow’s procedure can conveniently be activated by azeotropic removal of water through 
distillation of the suspension with benzene. This procedure removes the occluded water and, 
presumably, also the water adsorbed to the oxidatively active sites on the surface of the 
oxidant. By this procedure, an activated manganese dioxide can be consistently produced, 
and it may be stored under benzene until used. This reagent is an efficient oxidant giving 
reproducible results. 

Carpino 34 has employed a new preparation of active manganese dioxide. A suspension 
of activated carbon in aqueous potassium permanganate is refluxed until the pink color has 
completely disappeared. The precipitated oxide, adsorbed on carbon, is filtered ofT, and 
activated by drying at 105-110°C for 8-24 h. The reagent was found satisfactory for the 
oxidation of amines, hydrazines, hydrazones, 34 and a,/?-unsaturated alcohols. 35 Active 
manganese dioxide supported on silica gel has been successfully used for cyclization reactions 
of certain alkaloids. 36 

Vereshchagin and co-workers 15 37 compared the reactivity of various manganese oxides, 
including active manganese dioxide, towards some organic substrates. The authors found 37 
that the efficiency of oxidation of benzyl alcohol proceeds in the order of y-Mn0 2 > active 
manganese dioxide > a-MnO,; they also concluded that the oxidizing power of active 
manganese dioxide depends on the content of the active, y-MnO : form in the oxidant, and, 
because of this, the y-form of manganese dioxide is a more efficient oxidant 37 than Atten- 
burrow’s MnO, (ACC). 25 Thus, the '/-modification of manganese dioxide can be recommen- 
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ded as a selective oxidizing agent for activated hydroxyl groups of organic compounds. 
Active y-MnO,, 37 as described in Ref. 19, has recently been found 38 to be the only oxidant 
examined that is suitable for quantitative conversion of 4,5-dihydro-l,2-oxazoles into 
1,2-oxazoles. 

The mechanism of formation of various modifications of manganese dioxide having high 
electrochemical, electrocatalytic, and catalytic reactivity (e.g., /J-MnO, and y-MnO,) has 
been studied. 39,40 

1.1.1. Standardization of Active Manganese Dioxide 19 

The procedure is based on the time needed to reduce a known weight of active 
manganese dioxide. Usually, the oxidant (250-300 mg) is added at room temperature to a 
magneticalli stirred solution of hexahydroxybenzene (200 mg in 50 ml of M hydrochloric 
acid) [(Eq. (1)]. The time needed for complete disappearance of the solid, as observed 
visually, or by monitoring of the intensity of the benzenoid adsorption at 260-270 nm, is 
usually 4-8 min for very active material (activity gradient A), 8-12 min for active form 
(activity gradient B), and 12-20 min for medium activity (gradient C). This grading is in 
good agreement with findings involving the conventional oxidation of cinnamyl alcohol to 
the aldehyde in neutral medium. 15-29 The standard potential, E°, for the redox reaction 
Mn0 2 +4H + + le -* Mn 2 + + 2H 2 0 in strong acid solution is +1.57 V; £° = 1.239 V (solid); 
Mn0 2 +4H + + 2e -* Mn 2 + + 2H 2 0 at pH = 6.8 is +0.47 V; in alkaline solution, 
MnO, + 2H,0 + 2e -* Mn(OH) 2 + 20H - , the value is zero (£° = —0.05 V). 18 

HO OH 

MnO, + HO -Q- OH + 2HC1 - MnCi, + 6C0 2 + 4H,0 (1 ) 

HO OH 


1.1.2. Preparation of Very Active Manganese Dioxide 19 

A solution of manganese dichloride tetrahydrate (220 g) in water (2 liters) at 70°C is 
gradually added during 10 min, with stirring, to a solution of potassium permanganate 
(160 g) in water (2 liters) at 60°C in a hood. A vigorous reaction ensues with evolution of 
chlorine; the suspension is stirred for 2 h and is kept overnight at room temperature. The 
precipitate is filtered off, washed thoroughly with water (4 liters) until pH is 6.5-7 and the 
washing gives a negligible chloride test, and dried at 120-130°C for 18 h; this gives a 
chocolate-brown, amorphous powder; yield: 195-200 g (activity gradient A, 4-6 min). Alter¬ 
natively, the wet cake is mixed with benzene (1.2 liters) and water is removed by azeotropic 
distillation 33 giving a chocolate-brown, amorphous powder; yield; 195 g (activity gradient A, 
6-8 min). 


1.1.3. Preparation of Active Manganese Dioxide 24 

Method A. Active manganese dioxide was made by mixing hot solutions of manganese 
sulfate and potassium permanganate, maintaining a slight excess of the latter for several 
hours, washing the product thoroughly with water, and drying it at 110-120°C. Its activity 
was unchanged after keeping it for many months, but is was deactivated by water, methanol, 
thiols, or excessive heat (500°C). Manganese dioxide was less active when prepared in the 
presence of alkali, 25 and ineffective when precipitated from hot solutions containing a large 
excess of manganese sulfate. 

Method B. Cold (0-10°C) solutions of potassium permanganate and an excess 
(1.2 equiv) of manganese sulfate were mixed and the product was collected after 5 min, 
washed once only with cold water, and dried at 110-120°C. The manganese dioxide thus 
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obtained was acidic, and was used for the specific oxidation of retronecine (tetrahydro- 
pyrrolizine ailyi alcohol) to an aldehyde; if the oxide was washed free of acid, 
dehydrogenation of the ring was observed. 


1.1.4. Preparation of Active y-Manganese Dioxide 37 

To a solution of manganese sulfate (151 g) in water (2.87 liters) at 60°C is added, with 
stirring, a solution of potassium permanganate (105 g) in water (2 liters), and the suspension 
is stirred at 60°C for 1 h, filtered and the presipitate washed with water until free of sulfate 
ions. The precipitate is dried to a constant weight at 60°C; yield: 120 g (dark-brown, 
amorphous powder). 


1.2. Effects of Solvent on Oxidation 

The choice of a solvent in the oxidation of organic compounds with manganese dioxide 
appears to be important; the effect of various organic solvents (either nucleophilic or elec¬ 
trophilic) on chemical reactivity is known. 41,42 In general, the polarity of the solvent influen¬ 
ces the degree of self adsorption, the rate of adsorption of the reactants (substrates), and the 
rate of desorption of the products. The media most widely used for oxidations with active 
manganese dioxide at room temperature are saturated hydrocarbons (e.g., petroleum ether, 
pentane, cyclohexane), chlorinated hydrocarbons (e.g., chloroform, dichloromethane, 
tetrachloromethane), benzene, toluene, chlorobenzene, diethyl ether, tetrahydrofuran, 
1,4-dioxan, ethyl acetate, acetone, acetonitrile, glacial acetic acid, dimethyl sulfoxide, 
dimethyl formamide, and pyridine. 

Solvents that compete with a substrate for being adsorbed on the oxide surface, thus 
deactivating the oxidant, are unsatisfactory (e.g., primary and secondary alcohols, methyl, 
ethyl, and isopropyl alcohols); partial deactivation of the oxidant has also been observed in 
acetone, ethyl acetate, and dimethyl sulfoxide. A similar range of solvents has been used for 
oxidations at higher temperature; this may include water, acetic acid, or pyridine, or 
mixtures of them. Although an aprotic solvent, acetonitrile, proved to be an excellent reac¬ 
tion medium for a series of unique manganese dioxide oxidations, it is unstable on prolonged 
treatment (e.g., reflux) with the reagent, undergoing a slow hydrolysis to an amide. 

When using highly active oxide preparations, chlorinated solvents are recommended, 
because ignition of the vapors of inflammable solvents has been reported. 28 As already men¬ 
tioned, the nucleophilic or electrophilic nature of the solvent may determine the course of the 
reaction. Thus, Ball, Goodwin, and Morton 13 observed that vitamin A in petroleum ether is 
converted into retinene, whereas, in diethyl ether, it forms anhydrovitamin A. Hydroquinone 
(quinol) in acetone, 43 benzene, or chloroform 44 is oxidized by manganese dioxide to p-benzo- 
quinone, whereas in tetrahydrofuran, quinhydrone is formed. 44 The nonallylic hydroxy group 
in gibberellin A 4 (a natural hormone that promotes the growth of cucumber seedlings) is 
oxidized by manganese dioxide in dichloromethane, but not in p-dioxan. 45 Similar oxidations 
of steroid 5-en-30-ols in refluxing benzene produce 4,6-dienones, 46 whereas, in dimethyl- 
formamide or pyridine at room temperature, the products are 4-en-3-ones. 47 

Gritter and Wallace 29 investigated the effect of solvents on the yiels of acrolein from 
allyl alcohol and found that best yields were obtained using light petroleum or ethyl ether. 
The use of benzene decreased the yield by about 20%-30% and the use of chloroform or 
tetrachloromethane decreased it by 50%. It has been suggested that the solvent effect is 
related to its affinity for manganese dioxide. Thus lower yields may be expected with benzene 
as compared to petroleum ether because the former solvent competes more with the reduc- 
tant for a position on the surface of the oxidant. 26 

The proportion of solvent is not critical; usually, five to ten times the volume of the sub¬ 
strate being oxidized is used. 
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1.3. Time and Temperature Effects on Oxidation 

The time and temperature required for manganese dioxide oxidations depend on the 
activity of the oxidant, the nature of the substrate, and, because the reaction is 
heterogeneoous, the proportions of the reactants. The commercial availability of a highly 
active reagent allows the reaction time to be lessened considerably. 

The duration of oxidation at room temperature varies over wide ranges; whereas 
oxidation of a,/?-unsaturated alcohols is usually complete in a few minutes 48 or a few hours, 25 
formation of steroid dienones 46 and oxidation of alkylanilines may require 16-24 h. 4950 In 
order to shorten the reaction time, oxidation is frequently conducted above room tem¬ 
perature (refluxing solvent), and the water formed is sometimes removed by azeotropic dis¬ 
tillation. Unfortunately, the elevated temperature can bring about undesired side effects; for 
example, oxidation of a carbon atom bearing a hydroxy group may be accompanied by 
dehydrogenation of an olefinic bond to a diene system, or by migration of a double bond, 51 
or even rupture of a carbon-carbon bond. 52 As the reaction is heterogenous and takes place 
on the surface of the dioxide, the amount of manganese dioxide needed for efficient reaction 
depends on its particle size. The particle size normally employed is 100-200 mesh; that is 
0.06-0.2 mm and the average BET surface area of active manganese dioxide powder is 
14.2-15 m 2 g~ l . Consequently, a considerable excess of the oxidant is always necessary; the 
ratio of substrate to dioxide can range from 1:5 to 1:20 (w/w) (for a,/?-unsaturated alcohols), 
and 1:50 (w/w) has been used for oxidation of dialkyianilines and saturated alcohols. The 
observed increase in the rate of oxidation with manganese dioxide with increasing available 
surface supports the postulated importance of the adsorption on the outcome of the 
oxidation. The decrease in the rate sometimes observed after the maximum value was 
reached could be simply a dilution effect. 


1.4. Structure of Active Manganese Dioxide 

Composition analysis 44 of various active manganese dioxide preparations showed 
hydrogen 0.04%-0.5%, active oxygen (iodometric) 12.8%—14.1 %, and total oxygen 
(vacuum-fusion analysis) 23.5%—25.8%. Recent examinations (flame photometry and atomic 
adsorption) of manganese dioxide samples showed some adsorbed (e.g., coprecipitated) 
impurities, mainly potassium or sodium sulfate or chloride (0.5%—1.2%) and traces of 
alkaline earths and transition metals, all depending on the purity of the starting reagents; the 
magnetic measurements of samples indicated that, in addition to preponderant Mn(IV) 
species, they contained a small proportion of lower manganese components [possibly oxides 
and hydroxides of Mn(III) and Mn(II), in addition to the coprecipitated Mn 2+ ions from 
the strating material]. 

Several studies have appeared on the structural features of various modifications of 
active manganese dioxide. 23 - 37 - 40 - 44 - 53 As shown by x-ray diffraction studies, most of the active 
forms of manganese dioxide prepared by the precipitation method are either amorphous or 
of low to moderate crystallinity, containing various proportions of jS- or y-MnO, forms. 
However, the oxidant prepared in deuterium oxide instead of water has been found 44 to be a 
dark-colored, crystalline material having a structure resembling that of /-Mn0 2 [(Eq. (2)]. 

MnS0 4 + KMn0 4 + D 2 0 -^ . g0 ' c ■ 2 Mn0 2 (2) 

Thermogravimetric analysis of active manganese samples from 20 to 600°C 19 revealed the 
presence of nonbonded and bonded water molecules (e.g., hydroxyl ligands) and the presence 
of labile oxygen atoms (e.g., surface oxygen ligands). The presence of some hydrated 
manganese dioxide species 39 544 is thus necessary for activity of the oxidant. On the basis of 
spectroscopic and ESR studies, and thermogravimetric analysis, 19 it was proposed 44 that the 
precipitated form of manganese dioxide may contain a locked, water-associated chain; this 
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Mn Mn N Mn 

L ^O-H-O 7 x O-H (/ ' 

FIGURE 1. Proposed locked, water associated chain structure for precipitated (active) manganese 
dioxide. 

structure provides important active sites of low electron density on the surface of the oxidant, 
and potentially labile, surface oxygen atoms and labile hydroxyl groups (Fig. I). 

It is known that strictly crystalline manganese dioxide (/?-MnO : or y-MnO : 
forms>98% crystalline), or species containing an excess of water of hydration (e.g., 
pyrolusite) are poor oxidants. 


2. MECHANISM 

2.1. Free-Radical Mechanism 

The precise elucidation of the mechanism of oxidation by manganese dioxide is difficult, 
because of the nature of the heterogeneous reaction involved. 3 The difficulties encountered in 
the study of these reactions may involve the structure of the oxidant, particularly the 
relationship of its surface-active sites towards a substrate (quadrupole/dipole, electrostatic 
interactions), 39,546 in addition to the stereoelectronic factors of the organic substrate. 

Despite recent progress in this direction, 19 ' 3344 - 55 - 56 the mechanism of oxidation by active 
manganese dioxide, particularly the details of the solid surface/substrate interaction (e.g., the 
identification of the active adsorbed species), or the elementary steps on the solid surface, 56 
still needs clarification. Previous studies on the mechanism of manganese dioxide oxidation 
suggested the presence of an adsorptive process. The triphasic reaction pathway postulated 
a priori' 3 consisted in adsorption of the substrate onthe surface of the oxide, followed by 
oxidation, and desorption of the product; this has some validity. The evidence of adsorption 
(e.g., chemisorption) has been provided in the oxidation of hexahydroxybenzene with active 
manganese dioxide via x-ray powder diffraction measurement of the rate of adsorption of the 
substrate, and the exclusive surface reaction via electron-diffraction measurement of the 
manganese dioxide complex formed. 44 However, strong evidence has been educed that, alter¬ 
natively, the oxidation involves a free-radical intermediate 33 ' 44 ■ 55 ” 70 ' 75 ' l:l9 ' 1 ' ,3 ■ 43, ■ 448 ' 449 and, in 
certain cases, formation of a complex, 44 or, even, involvement of all of the ionic pathway, 
either via a cyclic transition-intermediate 71 or via a manganic ester intermediate. 72,73 

On the basis of kinetic studies, Goldman 33 proposed a radical mechanism for the 
oxidation of benzyl alcohol (1) by manganese dioxide. The suggested steps are (a) ad¬ 
sorption to give la, (b) formation of a coordinated complex lb, (c) transfer of a hydrogen 
atom to give the stable radical lc. and (d) intramolecular electron transfer to give products 
Id—If (Scheme 1). 


SCHEME 1 


C*H,-CH,OH C„H,-CH,OH/MnO, 


CaH.-CH.O — Mn(IV)^ 


C„H< —CHO — Mnllll) 
Ic 

I Radical formation) 


la 

i Adsorption I 

-OH 


lb 
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OH 


'OH 


C.H.-CHO/Mnlllll 

Id 


-OH 

OH 


C„H,CHO + MnO/H.O 

If It 
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By using manganese dioxide labeled with ls O, it has been shown 74 that, during 
oxidation of uranium(IV) ions, the oxygen in the uranyl ion is derived from the solid 
oxidant; this indicates that an oxygen atom can be directly transferred from the oxidant: it 
also confirms that adsorption on the surface is an integral part of the oxidation process. The 
participation of the surface oxygen in the heterogeneous, liquid-phase oxidation of hydrocar¬ 
bons, e.g., cyclohexene, cumene, and tetralin (R), catalyzed by manganese dioxide (M) (and 
other transition-metal oxides) has been established; the mechanism involve 75 the 
hydroperoxide intermediate (ROOH), hydroxyl radicals (HO •), and the resonance- 
stabilized, radical species (R • ) (Scheme 2, Steps 1-9). 

On adsorption, there may be total or partial transfer of electrons, resulting in the for¬ 
mation of free radicals. Knowing that chemisorption (via ally lie or an aromatic n bond, or 
via manganese ions and alcohol oxygen electron coordination) [(Eq. (3)] is involved during 

\../H ^ 

Mn(IV)-0 -Mn(III) —O® -Mn(III) + 0 = C (3) 

X-H X-H 

the oxide-substrate interaction, 44 the detection of free electrons of the adsorbent is difficult, 
because of the reaction between the lattice defects and the chemisorbed particles. 54b - 76 - 77 
However, the formation of a neutral, semiquinone radical ( OC 6 H 4 OH) (SQ, step 1) and 
the formation of a radical anion (SA, pH = 9, step 2) has been observed by ESR spec¬ 
troscopy in the oxidation of hydroquinone (HQ) in water with manganese dioxide. 56b A 
modified mechanism for this reaction has been proposed, such that Mn(IV) on the surface of 
manganese dioxide is reduced to Mn(II), e.g., Mn(OH) 2 \ via participation of a surface 
species, MnO z * (steps 3 and 4, Scheme 3). 56 * A striking example of the participation of a 
free-radical intermediate has been reported 44 in the oxidation of pyrene in chloroform with 
manganese dioxide, to give 1,6- and 1,8-pyrenediones. The formation of these products can 
be rationalized in terms of an attack of the surface oxygen (e.g., ligands) or hydroxyl radicals 
on the hydrocarbon, to give either a hydroperoxide (ROOH) or a phenolic (diol) inter¬ 
mediate (ROH). The author 44 suggested that consumption of one equivalent of active oxygen 


SCHEME 2 
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ROOH + M 

ROOH...M 
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ROOH...M — 

— RO + OH...M 
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ROOH + OH. 
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SCHEME 3 


(1) HQ r" — SQ on MnO, surface 

*2 

*2 

(2) SQ « * SA + H + in liquid phase 

*4 

(3) HQ + Mn0 2 * ^==* SQ + MnOfOH )* 

(4) HQ + MnO(OH)*-^==iSQ + Mn(OH) 2 * 


present in manganese dioxide corresponds to two hydroxyl radicals, as shown for certain 
hydrated forms of it [(Eq. (4)]. Such a pathway would provide reactive species that could 


Q = Mn^ 


OH 

OH 


2 OH -* 2 O* + H 2 0 + Mn 2 ® 


(4) 


either abstract hydrogen atoms or donate hydroxyl radicals. This mechanistic approach is 
analogous to that proposed for the oxidation of alcohols by nickel peroxide. 4 


2.2. Ionic Mechanism 


2.2.1. Cyclic Transition Intermediate 

Recently, Kwart and George 71 studied the mechanism of a heterogeneous oxidation of 
alcohols, e.g., benzyl alcohol, by manganese dioxide (and by nickel peroxide). In the concer¬ 
ted mechanism, the authors 71 proposed a cyclic transition-state (e.g., coordination sphere) 
involving couped-hydrogen and electron-transfer processes on the surface of the manganese 
dioxide (via tunneling in a reaction of linear H-transfer) (Fig. 2). Mechanistic preferences 
appear to be determined by factors that control the distance of separation between the reac¬ 
tion centers involved in the H-transfer step. 


2.2.2. Manganic Ester Intermediate 

A novel, oxidative rearrangement of a bicyclic alcohol has been reported by Hall and 
Story, 73 who found that quadricycianoi (2) in chloroform is rapidly rearranged by active 
manganese dioxide (MRS) 26 to norbomadienol (3), which is then oxidized at 45°C to the 
tricyclic oxide (4) and benzaldehyde (5) in yields of 5%-70%; other forms of active 
manganese dioxide were ineffective. The authors 73 suggested a mechanism in which the first 
step is formation of a manganic ester, followed by isomerization via carbonium ions to give 


I 

M 


N c.®.6 

i 

FIGURE 2. Linear H transfer in transition element oxidation of alcohols, where M is a transition 
element with tetragonal, tetrahedral, or octahedral coordination sphere. 
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an oxygen-insertion product 4. A rearrangement involving a loss of a proton by the car- 
bonium ion will then give rise to the aromatic products. In view of our present 
knowledge, 33,44 ' 36 all the ionic pathways suggested 73 could be partially operable; some of the 
rearrangements mentioned can be explained by the free-radical mechanism. 



2 3 4 5 


3. OXIDATION OF ALCOHOLS AND HYDROXY COMPOUNDS 


3.1. a,/J-Unsaturated Alcohols (a,/J-Ethylenic, Primary and Secondary Alcohols) 

3.1.1. Vitamin A , and Analogs 

Only a few of the oxidation methods for converting primary and secondary, 
a,/?-unsaturated, polyene alcohols into the corresponding a,/?-unsaturated carbonyl com¬ 
pounds are mild enough to be applicable to sensitive compounds. In one of these, active 
manganese dioxide is utilized as the oxidant. The first organic compound to be oxidized in 
nonaqueous, inert, organic media (BGM reagent) 13 was vitamin A, (retinol) 6, which is 
derived from an oxidative hydrolysis of ^-carotene and is a C 20 pentaene allylic alcohol; 6 
was thus converted for the first time into isometrically pure A, aldehyde (retinal) 7 in high 
yield. 13 Active manganese dioxide in inert, organic solvents was the reagent of choice in the 
recent oxidation of a series of sensitive retinols to retinals 94,93 ; also, in a recent conversion of 
9-cir-l l-cis-I3-m-retinol (highly twisted about the A 12 single bond) with Mn0 2 (30-fold 
excess, low-boiling petroleum ether, 1 h, 4°C) into the corresponding retinal (82% yield), 96 
and conversion of n//-/r<wj-10-monodeuterioretinol 8 into 10-monodeuterioretinal 9, follow¬ 
ing saponification of the acetate group. 97 



The direct attack on the conjugated methylene group in the vitamin A, ring by 
manganese dioxide is exemplified in the oxidation of vitamin A, acetate 10 to 3-oxo- 
vitaminA l ll. 98-99 By application of Attenburrow’s manganese dioxide, it was possible to 
oxidize, in 1 h, the mixed-polyene, secondary alcohol 12 to the ketone 13 in 80% yield. 23 The 
mild nature of the reaction with manganese dioxide is well illustrated by conversion of the 
four geometrical isomers of vitamin A, ( all-trans, neo, 6 -cis, and 2,6-di-cw) into the 
corresponding retinenes (retinals) (61 %—80% yield) without any isomerization. 100 This 
mildness is also shown in the oxidations of vitamin A„ 101 vitamin A 2 , 102 8,9-dihydro- 
vitamin A, 23 vitamin A isomers, 103 vitamin A analogs, 104 103 carotenes, and carotenoids. 106107 

The stereoselective synthesis of 1-cis, 9-c/s-^-ionylideneacetyldehyde involved oxidation 
of the corresponding alcohol with freshly prepared active manganese dioxide (room tem¬ 
perature, 1 h, CH 2 C1 2 74% yield); similarly, a mixture of 1-cis, 9 -cis and 1-cis, 9-cis; 13 -cis- 
retinal was obtained following oxidation of the corresponding mixture of the retinol isomers 
(Mn0 2 , CH 2 C1 2 , 0.75 h, r.t.). 108 In all cases, manganese dioxide proved to be superior to 
other reagents, such as 5,6-dichloro-2,3-dicyano-l,4-benzoquinone (DDQ) or the Oppenauer 
oxidant; the latter, for example, failed with acetylenic alcohols. 109 
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Recently, the oxidation of a series of a,/?-unsaturated 727-74a736 and benzylic 757-761 
alcohols with active manganese dioxide has been reported and some of these are summarized 
in Tables I and II, respectively. 


3.1.2. a.fi-Ethylenic , Primary and Secondary Alcohols 

A high-yield conversion of the simplest, ethylenic primary alcohols into aldehydes, e.g., 
allyl alcohol 23 29 or crotyl alcohol, 28 or conversion of 14 into 15 in 79% yield, 28 indicated 
that a single, alkenic bond in the a-position to the hydroxyl group provides sufficient 
activation to bring about the reaction. The oxidation has been observed where the 
unsaturation is a part of an alkenic, alkynic, aromatic, alicyclic, or carbonyl system. Thus, 
2-cyclohexylideneethanols 16 (R 1 = H, CH 3 , /-C 4 H 9 ) were oxidized by manganese dioxide, to 
give the corresponding cyclohexylideneacetaldehydes 17 (60%-80% yield) 110 ; similarly, 

CHj CHj 

H 3 C-C = CH-CH 2 -CH 2 -C = CH-CH 2 OH 

14 


CH, CH, 

MnO,/pentane. 2S C ( H , C - C = CH —CH, —CH, - C = CH — CH = O 

- 15 ' 79 % 


j^^CH-CHj-OH 


MnOj/Peiroleiher. 1-5 h R 
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H \—/ fr\ 
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R‘ = H, CHj,/-C 4 H 3 
R 2 = H, C 2 H 5 
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TABLE I. Selective Oxidations of x.fi -Unsaturated Alcohols with MnO-, 
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TABLE II. Selective Oxidation of Unsaturated and Benzyl Alcohols with Active Mn0 2 


Substrate 


Reaction 

Product conditions 


R 

R 



O 



R' = R 2 = CHO 


MnOz/CHjClj 
8:1 ratio 
25 °C 


R 



R' = R-’ = CH,OH 


“■“OTC 

OH 



R' =CHjOH, 
R 2 = CHO 


MnOz/CHjClj 
4.5:1 ratio 
25 °C 


MeO/VO^O Ph 

MnO 2 /ether 
O 



MnOj/CHjClj 


MnO^/acetone 


MnOj/dioxane 




MnOj/CHOj 


Yield 

(%) Reference 


67 756 


73 756 


60 757 


42 + 45 758 


76 759 


73 760 


90 761 


2-hydroxymethylchromone 18 was converted into 2-formylchromone 19 (56% yield), 111 and, 
in the presence of the activated manganese dioxide on charcoal, the alcohol 20 underwent 
slow oxidation (12 days) to give the ketone 21 (90% yield). 112 a-Hydroxy ethers are also 
oxidized by manganese dioxide, suggesting that the reaction may be initiated by any struc¬ 
ture that provides an electron-rich source in the position adjacent to the hydroxyl group. 
Confirmation of the structure in methyl-4-hydroxy-4-phenyl-2-butenoate 22 came from the 
manganese dioxide oxidation of the allylic group, to give the known methyl 4-oxo-4-phenyl- 
2-butenoate 23 in 74% yield. 113 
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90% 


Oxidation of l,l-trimethylenedithio~4-penten-3-ol 24 with manganese dioxide afforded 
the Michael acceptor l,l-trimethy!enedithio-4-penten-3-one 25 (79% yield), a useful inter¬ 
mediate in the synthesis of alkaloids. 114 
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3.1.3. Oxidation of cis- and trans-Unsaturated Alcohols 

As mentioned earlier, the cis- and rrans-a,/?-unsaturated chain alcohols show 
approximately the same rate of oxidation with active manganese dioxide, generally giving 
products without isomerization across the double bond, thus demonstrating the mildness of 
the reagent. For example, c/s-2-methyl-2-penten-l-oI 26 was converted into m-2-methyl-2- 
pentenal 27 in 64% yield, and the trans-isomer 28 afforded the trans-aldehyde 29 in 83% 
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yield. 115 Analogous oxidation of the geometrical isomers cis- l-phenyl-2-buten-l-ol 30 and the 
trans alcohol 32 gave cis- and trans- ketones, 31 and 33, in 75% yields, respectively. 43 
Similarly, c/s-2-penten-l-ol was oxidized to c/s-2-pentenal in 42% yield, and the trans isomer 
gave the trans aldehyde in 38% yield for a 1 g batch and a 90 % yield for an 8 g batch. 116 
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The cis and trans isomers of 2-ionylidene-ethanols (C 14 alcohols) were converted into C, 4 
aldehydes without isomerization. 1 ' 7 No isomerization has been observed in oxidation of 
similar cis and trans a,/J-unsaturated alcohols 43116-119 or in conversion of the unsaturated 
hydroxylactone 34 into the prostaglandine intermediate enone 35. 120 
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Stereoeiectronic Effects in the Oxidation of Alcohols. In addition to such physical fac¬ 
tors as the solvent, the type and quantity of the reagent, the temperature, and the elapsed 
time, important in manganese dioxide oxidation of alcohols, steric factors (particularly 
arrangement about a hydroxyl group) appear to have a pronounced effect on the rate of 
oxidation. Although cis and trans unsaturated alcohols (ethylenic and acetylenic) show 
roughly the same rate of oxidation by manganese dioxide at room temperature, Boehm and 
co-workers 78,79 observed some cis-trans isomerization in the transformation of pentadienols 
and pentenynols into carbonyl derivatives. Some optically active alcohols [e.g., (+ )-cis- or 
ww«-5-methylcyclohex-2-enols] showed a change in the sign of optical rotation on oxidation 
with manganese dioxide. 80 

However, there are reports 81-83 that, on oxidation with manganese dioxide, many cyclic, 
allylic alcohols definitely favor a particular orientation of their hydroxyl groups. 

An apparent stereochemical effect in manganese dioxide oxidation of some allylic car¬ 
bohydrates has been observed by Fraser-Reid and co-workers. 81 ' 82 Whereas the a-D anomer 
of “cw-dihydropyran-2-ol” (36; ethyl 2,3-dideoxy-o-D-glycero-2-enopyranoside) having an 
equatorial hydroxyl group is readily oxidized by manganese dioxide (MRS) 26 to give the 
a,/3-unsaturated ketone 37, the /?-D anomer 38, having an axial hydroxyl group, is inert. 
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Similarly, the o-glucal derivative 39 having an equatorial hydroxyl group at C-3 is oxidized 
to give the 3-ulose derivative 40, but the D-glucal derivative 41 (axial OH) is not affected. 82 
However, the authors 81-82 pointed out that there must be other factors than stereochemical 
(e.g., half-chair conformations, or an anomeric effect) responsible for failure of 38 or 41 to be 
oxidized. Finally, the authors 81-82 proposed that the difference in facile oxidation of 36 and 



OH(ax.) 

41 
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39 as compared to 38 and 41 somehow related to the fact that the anomers adopt HI and 1H 
conformations, respectively. In a study of the rate of oxidation of epimeric. steroid, allylic 
alcohols by manganese dioxide, Nickon and Bagli 84 found that 7/?-hydroxycholest-5-ene 42 
(equatorial OH) is oxidized faster (to give the a./i-unsaturated ketone 43) than 7a-hydroxy- 
cholest-5-ene 44 (axial OH). Similarly, cholest-4-en-3/i-ol is oxidized by manganese dioxide 
in half to one-third the time needed for cholest-4-en-3a-ol. 83 Favored oxidation of cis- 
alcohols by manganese dioxide has also been found 85 for a mixture of cis- and trans-5.1(2Q)- 
pregnadien-3/?, 16a-diois, and for similar steroid cis-alcohols. 86 



A stereochemical tendency in manganese dioxide oxidation has also been observed in 
the alkaloid series. Thus, 1-epibuphanamine (45; equatorial OH) is oxidized to the 
corresponding oxo-derivative 46, whereas buphanamine (47; axial OH) is not affected. 87 88 
Similarly, the 10-cis-hydroxycodeine 48 (equatorial OH) is oxidized faster (to give the keto 
derivative 49) than the irons isomer (axial OH). 89 

Owing to the steric factors, an allylic alcohol having a J 2,3 -structure (isocaranine) was 
not oxidized by manganese dioxide. 90 

However, in contrast, Djerassi and co-workers 91 oxidized both cis- and trans-alcohols of 
steroids to the corresponding keto derivative with manganese dioxide, and steroid allylic 
alcohols of both orientations have also been oxidized. 46 



49 
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A striking example of a stereochemical preference in active manganese dioxide oxidation 
of the saturated alcohols (under mild conditions) has been reported by Ohloff and Giersch. 92 
Thus, 9, 10-cw-decalindiol (50; and other uic-diols) is easily oxidized to diketone 51 in 90% 
yield, whereas the 9, \0-trans isomer 52 (and other conformationally rigid diols with a 
dihedral angle of 180° subtended by the hydroxy groups) remains unaffected even on 
prolonged treatment with the reagent. 92 A stereochemical dependence was also observed in 
the terpene series. Thus, treatment of a sesquiterpenoid furanopentasol (a m-fused-ring diol 
53) with manganese dioxide in chloroform gave as-fused ketoalcohol 54 in 95% yield 93 ; 
oxidation of a second hydroxy group was apparently prevented by the steric arrangement of 
two of the rings. 



52 ( trans-d iol) 




3.1.4. a, ft- Unsaturated Lactones 

The unsaturated lactone moiety (e.g., a-methylene lactone) constitutes a major struc¬ 
tural feature of many natural products, e.g., sesquiterpenes; methods for the synthesis of 
a-methylene lactones have been reviewed. 121 Marshall 122 ' 124 reported a new approach to the 
synthesis of a-methylene lactones; for example, starting with malonic ester lactone, the 
sequence involves a reductive elimination, to give an allylic alcohol, followed by an oxidative 
cyclization (MnO : ), to give a lactone. This is demonstrated in the conversion of the 
cycloheptane lactone ester (55) into a-methylene lactone (57) via intermediate 56, and in a 
similar synthesis of the <f/-alantolactone (60) via intermediates 58 and 59. 123,124 

Corey and co-workers 125,126 developed a new effective method for the synthesis of 
macrocyclic lactones that required a manganese dioxide oxidation; the procedure involved a 


1. NaH/THF/ether 

2. LiAIH, _ 

H COOC 2 H 5 
55 
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simultaneous activation of both hydroxy and carboxy groups toward lactonization. For 
example, synthesis of erythronolide B (64), the aglycone of the antibiotic erythromycin, was 
effected by the following sequence, via the acyclic hydroxy acid 61, the diol 62 and the keto 
intermediate 63 125 (Scheme 4). The favored allylic hydroxy oxidation in the triol 65 
(dihydrokromycin, a macrolide antibiotic aglycon) with manganese dioxide in acetone 
yielded the a, /J-unsaturated ketone 66 in 40% yield. 127 Dihydroactinodiolid (70; 


OH OH 




l,6,6-trimethyl-2-oxa-3-oxobicyclo-[4.3.0]non-4-ene) can be prepared in a simple way by 
oxidation of either cis-fi-ionol 67, of the trans-alcohol 69, or of l,3,7,7-tetramethyl-2- 
oxabicyclo[4.4.0]-3,5-decadiene (68) with activated manganese dioxide in benzene at reflux 
temperature for 36 h (method A). The cyclic ether 68 is easily obtained in 89% yield from 67 
by reaction with chromic trioxide in pyridine/dichloromethane at 20°C (method B) 128 
(Scheme 5). Manganese dioxide in dichloromethane was the reagent of choice for the 
preparation of a sensitive keto lactone 72 in hight yield (97°) from the hydroxy lactone 71. 129 



A useful synthetic method for the transformation of lactones has recently been 
described; the procedure involves, at first, the reduction of the original lactone 73 with 
lithium aluminum hydride, followed by oxidation of the resulting diol with manganese 
dioxide, to give a new lactone 74 in 80% yield. 150 
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Method A: Activated Mn0 2 /C 6 H 6 ; 80°C/36 h 
Method B: Cr0 3 /pvridine/CH 2 Cl 2 ; 20°C/j h 
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To determine the geometry of the 4,5-double bond, acanthespermal B (a natural ses¬ 
quiterpene lactone 75) was oxidized with manganese dioxide in chloroform to give the 
dialdehyde 76 whose 'H-NMR spectrum exhibited a signal for the new aldehyde proton at 
5= 10.22 ppm indicating that the 4,5-bond was tram . 131 



Oxidation of Gibberellins. Gibberellins. cell-elongating plant hormones, definitely play 
a role in the downward-growth behavior (geotropism) of roots. Oxidation of gibberillic acid 
(77), containing allylic and nonallylic hydroxyl groups, with manganese dioxide has been 
studied. 45 ' 132 ’ 134 However, “anomalous" behavior of 77 toward various types of manganese 
dioxide has been observed. As reported by Serebryakov and co-workers, 135 treatment of 77 
in acetone with acidic MnO, (MRS) 26 * gives rise to the products of oxidative decar¬ 
boxylation (78 and 79) and oxidative lactonization 80, with the formation of the enone (78) 
(~10% yield). However, oxidation of 77 in acetone using the Attenburrow oxide (alkaline 
MnO,) 25 yields the keto acid 81 in 56% yield. The general nature of these transformations in 
the series of gibberellins has been demonstrated 136 by using gibberellin A, (82), containing 
saturated hydroxyl groups and gibberellin A 7 86, containing an allylic hydroxyl group. Here, 
the reaction with acidic MnO, in acetone brings about oxidative decarboxylation, and lac¬ 
tonization also; thus, 82 gave a diene 83 (3%-4%), a dilactone 84 (11%-15%), and an 
epoxydilactone 85 (~2% yield). The gibberellin 86, on similar oxidation, produced a triene 
87 and a dilactone 88. It appears that oxidative decarboxylation and lactonization induced 
by acidic Mn0 2 26 may be fairly general for all gibberellins. Thus, the presence of a 
A ‘‘-double bond in 77, 82, or 86 is necessary for the occurrence of oxidative lactonization at 
C-15. 



•The authors 135 defined the reagent as neutral MnO,, although it was prepared 26 under acidic con¬ 
ditions. 
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3.1.5. Additional Pertinent Oxidations 

Manganese dioxide oxidation was succesfully applied in a structure elucidation of ger- 
macranolide trifrucitin (a natural sesquiterpene lactone). 137 A survey of the synthetic 
procedures for lactonization describes an application of the manganese dioxide reagent (e.g., 
oxidation of a diol followed by cyclization). 138 

A novel one-step synthesis of '/-lactones involved the reaction of manganic or other 
higher valent metal carboxyiates with olefins and carboxylic acid. For example, treatment of 
1-octene with active manganese dioxide in the presence of acetic acid yielded the 
corresponding y-lactone in 46%-67% yield. A free-radical mechanism involving the selective 
generation and oxidation via organic free-radicals was presented. 13 ’ 

Aldehydes can be conveniently prepared from their carboxylic acid esters via alcohols. 
Beginning, for example, from the ester 89 (ethyl 3-methoxybenzofuran-3-carboxylate), the 
aldehyde 91 (3-methoxybenzofuran-2-carbaldehyde) was obtained in 87% yield by 
manganese dioxide oxidation of the intermediate primary alcohol 90 as shown. 140 


OCH, 
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OH OH 


2 KOOC-CH-CH-COONa, 0 C 


MnOv/CCU. 16 h. r.t. 
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In certain cases an oc,/?-unsaturated alcohol on oxidation with active manganese dioxide 
has afforded a saturated cyclic keto-ether. For example, treatment of the sesquiterpene 
dimethyl shellolate (92) with the reagent produced a keto-ether (93); the reaction apparently 
proceeded by initial oxidation of 92 to an a,^-unsaturated ketone, followed by ring closure 
via a Michael-type addition of the tertiary hydroxy group to the conjugated system. 141 
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In contrast to the reactivity of their rra/w-analogs, the cu-epoxyalcohols 95 undergo for¬ 
mation of a oc-substituted furan ring on treatment with activated manganese dioxide in 
refluxing benzene for 18-36 h, to give the furyl ketones % in high yields. The starting com¬ 
pounds 95 can be prepared from the aiiylic alcohols 94 by oxidation with 
m-chloroperoxybenzoic acid in dichloromethane at 20°C. 128 The synthesis of homologs of the 
seaweed pheromone ectocarpene has been described; starting from mws-isomer of the 



cyclopropane ester 97, the sequence involves reduction, to give the alcohol 98; oxidation of 
98 with manganese dioxide, followed by the Wittig reaction, produces the natural products, 
e.g., dictyoterpene (99) having a cyclopropane structure, and ectocarpene (100) having a 
1,4-cycloheptadiene structure. 142 
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3.1.6. a,f3-Unsaturated Diols and Polyols 

In oxidation of a,/?-unsaturated diols or polyols with active manganese dioxide, several 
reactions are possible, involving one or more hydroxyl groups (depending on their degree of 
activation by multiple bonds); in general, the rate of oxidation is in the order 
primary > secondary > tertiary hydroxy groups. For example, manganese dioxide oxidation 
of 2,7-dimethyi-2,4,6-octatriene-l,8-dioI (101) gave diaidehyde (102) in 94% yield 143 ; similar 
oxidation of the analog of 101, e.g., conversion of 103 into 104 (95% yield), 144 ' 145 or conver¬ 
sion of acetylenic diol, e.g., annulenediol 105 into the corresponding dialdehyde 106 (74% 
yield) 147 ; similar oxidations of other conjugated diols or glycols 143 144 148 149 gave the dicar¬ 
bonyl products in good yield. Preferential oxidation of the most activated (by conjugation) 

CH 3 CH, 

I I 

HC-CH = C-CH 2 -OH MnOyH.C —CO—CHVNj.2S°C H.C - CH = C - CH = O 
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HO —CH-, —CH = CH —O —CH = CH —CH,—OH 
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at-hydroxyl group in an a,/?-unsaturated diol has been reported; thus, treatment of 2-undecen- 
1,11-diol (107) with manganese dioxide in diethyl ether gave trans-\ l-hydroxy-2-undecenal 
(108) (75% yield). 150 Preferential oxidation of pyridoxine [3-hydroxy-4,5-bis(hydroxy- 
methyl)-2-methylpyridine] (a homolog of vitamin B 6 ) with ordinary 151 and active 
manganese dioxide 152 153 has been reported. 


HOCH 2 CH =CH(CH j) 8 OH 

107 
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Hx c = c /(CH,) 8 OH 

hc'' ""h 
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Oxidation of l,8-bis(hydroxymethyl)naphthalene (109) with manganese dioxide gave, 
instead of the expected naphthalene-1,8-dialdehyde, 1-oxo-lH, 3H-naphtho[l,8-c</]pyran 
(110) in 76% yield. 154 Similarly, phthalide and new y-lactones from 9-(hydroxymethyl)- 
phenanthrene-10-carboxylic acid and 4-( hydroxymethyl )-pyrene-5-carboxylic acid have been 



prepared via a suggested 154 cyclic half-acetal intermediate, in 65%, 73%, and 58% yields, 
respectively. An attempt to oxidize iron tricarbonyl - l,2,3,4-^-l,2-bis[hydroxymethyl]-l,3- 
cyclobutadiene (111) with active manganese dioxide in benzene has failed; the diol, however, 
was oxidized to dialdehyde (112) with the Collins reagent in 69% yield. 155 
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3.1.7. Conjugative Activation of a-Hydroxyl Groups in Unsaturated Alcohols 

A break in the chain of conjugation in an unsaturated-bond system, even by one carbon 
atom, markedly decreases the rate of oxidation, and this partially constitutes the 
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regiospecificity and selectivity of manganese dioxide oxidation, particularly noted with 
polyhydroxy terpenes, steroids, alkaloids, and other natural products. Thus, oxidation of 
l,5-bis[hydroxymethyl]cyclooctene (113) with manganese dioxide gave l-formyl-5- 
(hydroxymethyl)-cyclooctene (114) in 80% yield 156 ; similar oxidation of 115 gave U6 157 and, 
because of steric and conjugation effects, 117 was converted into 118 [lO-(hydroxymethyl)- 
J 3,4 -//wu-decalin-2-one] 157 only; however, both hydroxy groups in a-santonin 119 were affec¬ 
ted by the reagent (to give 120 in 50% yield, and a monoketo derivative in 25% yield). 159 
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Other hydroxy compounds 160-163 in which the hydroxyl groups are activated to a dif¬ 
ferent extent behave similarly. In one example, 160 treatment of (4-r/ww-2,4-dihydroxy-2,6,6- 
trimethylcyclohexylidene)-but-3-en-2-ol with manganese in acetone gave (3R)-4- 
[(2R, 4S)2,4-dihydroxy-2,6,6-trimethylcyclohexylidene]-but-3-en-2-one in 80% yield; the 
x-ray analysis has established its absolute configuration as 3S, 5R, 6R. 160 Side-chain allylic 
and other unsaturated alcohols in which double bonds are in conjugation with various 
saturated, unsaturated, or aromatic ring units, such as cyclopentene, 164 cyclohexane, 165 
cyclohexene, 160 162 ' 16 °' 168 cyclohexadiene, 25 104175 azulene, 172 derivatives of azulene, 173 furan 
and derivatives, 174 175 or ferrocene 176 have been efficiently oxidized with manganese dioxide 
to the corresponding carbonyl compounds. 

A convenient method for the synthesis of an indanone derivative, e.g., 123, involves 
oxidation, with manganese dioxide, of an unsaturated side-chain alcohol (e.g., 121. a 
l-cyclohex-l-en-l-ylalkan-l-ol), to give the cyclohexyl ketone 122 (R = H, 90% yield) which 
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was then cyclized with phosphoric acid/formic acid to give the 4,5,6,7-tetrahydroindan-l-one 
(123) (R = H, 50% yield from 121. 177 

Activation by a Cyclopropane Group. Activation of the a-hydroxyl group by a 
cyclopropane ring has been found 178 useful in the preparation of the sensitive, not 
isomerized, cis- and trans-chrysanthemyl aldehydes 125 and 127 from the corresponding 
alcohols 124 and 126 following treatment with active manganese dioxide. 
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Facile oxidation of nonconjugated cyclopropane alcohols with manganese dioxide (e.g., 
conversions of 128 into 129, 178 of 130 into 131, 178 or of the bridged alcohol 132 
(exo tricycIo[3.2.1.0 2 ' 4 ]octan-3-ylmethanoI) into 133, 179 or of a mixture of the bridged 
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cyclopropane exo epimers, exo , endo-, and exo-ejc0-tricyclo[3.2.2.O J,4 ]nonan-6-ol into a 
single ketone, exo-tricycIo[3.2.2.0 2 - 4 ]nonan-6-one (81% yield 180 )} clearly demonstrated that 
activation of the hydroxyl groups by the three-carbon ring is equivalent to activation by con¬ 
jugation. Alcohols in which the hydroxyl group is activated by two multiple 
bonds, 164 177 181 182 287 or other unsaturated, bicyclic, 156 161 166 185 - 187 or bridged 175 174 alcohols, 
are readily oxidized. Selectivity in oxidation of unsaturated, epoxy alcohols (where the epoxy 
ring is unaffected) has been observed 185 ’ 188 ; an acetal group also remains intact on treatment 
with the reagent. 144 A new preparation of the cyclopropyl ketones 135 involves the oxidation 
of oxaspiropentyl alcohols 134 with active MnO z (30%—56% yield); note that the epoxide 
ring is not affected. 745 
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3.1.8. Oxidation of ct,fi-Unsaturaied Aldehydes 

Active manganese dioxide was the reagent of choice in the oxidation of the highly 
unsaturated [18] annulenecarboxaldehyde (136) in tetrahydrofuran in the presence of 
methanol and hydrogen cyanide, to give methyl [18] annulenecarboxylate (137) in 44% 
yield. 189 Oxidation of 136 by other oxidants (e.g., Jones reagent) failed owing to complete 
destruction of the annulene system. The procedure is similar to the known method of Corey, 
Gilman, and Ganem 190 for the conversion of an a,/i-unsaturated alcohol into the correspon¬ 
ding, unsaturated methyl ester via oxidative esterification, as exemplified in a recent conver¬ 
sion of the alcohol 138 into the ester 139. 191 


CH = 0 COOCH, 



A novel reaction for the preparation of unsaturated aldehydes has been described, 192 by 
this procedure, saturated aldehydes of type 140 (R 1 = R 2 = mixed alkyl, aryl, or other groups) 
in the presence of manganese dioxide undergo dimerization (presumably via a free radical 
intermediate) to give a mixture of products, e.g., alkenyloxy-aldehyde (142) and -dialdehyde 
141. Similarly saturated ketones (type 143 having also one hydrogen atom in the alpha 
position to the carbonyl group) have been converted by the reagent to the coupling 
products, e.g. diketones (type 144) and keto-ethers (type 145) 193 in 40%-90% yield. 192 

Almost identical oxidative coupling of aliphatic aldehydes and ketones in the presence of 
manganese dioxide has been reported in a French patent. Thus, treatment of 
isobutyraldehyde (140 R‘ = R 2 = CH 3 ) or isopropyl methyl ketone (143 R‘ = R 2 = R 3 = CH 3 ) 
with the reagent in refluxing p-dioxan (24 h) gave a mixture of both the C —C coupling and 
C —O coupling products (e.g., dialdehyde 141 R‘ = R 2 = CH 3 or diketone 144 R‘ = R 2 = 
R 3 = CH 3 or aldehyde-ether 142 R‘ = R 2 = CH 3 or keto-ether 145 R‘ = R 2 R 3 = CH 3 , respec¬ 
tively) in good yield; a free radical was proposed as the reaction intermediate. 193 
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R 1 '! CH- ° + RV C_C NO 

£X-ch=o ”X-c-R 2 

141 142 Rl 40-90% 


R 2 *jj* MnOy 6 O. I00-C/48 h/N, 

7 CH — C — R J -—-- 

R 1 

143 

R', R 2 , R 3 = alkyl, cycloalkyl, alkenyl, aryl, alkaryl, aralkyl, 
heteroaryl 


R'-' 

R 2 

R 1 "- 


O 

It 

C-C-R 3 


C-C-R 3 

II 

O 

144 


V C=C" 

R'/ "O 

D i / 

'hC-C-R 2 
° ' , 

40-90% 

145 


R2 x 


;ch-ch=o 


MnO,iC,H». 78°C/48 h/N, 


R 1 


140 
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3.2. Acetylenic Alcohols 


3.2.1. (x.fi-Unsalurated Acetylenic Alcohols 

Manganese dioxide occupies an important place in the organic chemist’s store of 
oxidants because of its mildness and selectivity, properties that are so important in the 
oxidation of sensitive, acetylenic alcohols. Acetylenic alcohols behave like a,/3-unsaturated 
olefmic alcohols toward manganese dioxide oxidation; the presence of one (or two) triple 
bond(s) is sufficient to bring about rapid oxidation of the conjugated hydroxy groups. The 
mildness of the reagent is exemplified by the oxidation of 146 (cw-heptadeca-1,9-diene-4,6- 
diyn-3-ol) with manganese dioxide to give the cw-3-ketone 147 in 55% yield without 

IQ4_tQ< 

isomerization. 


OH 

I 

H,C=CH-CH-CsC-ChC-CH, 




(CH,) 6 -CH ; 


MnO./CH.CK. 3 h/25°C 


C = C 

146 H X N H 


O 

II 

H 2 C=CH-C-CsC-C=C-CH 2 (CH 2 ) 6 -CH 3 

147 h' N H 55% 


No isomerization or rearrangement has been observed during the synthesis of three 
naturally occurring polyacetylenic esters 153 (R = CH 3 CH 2 CH 2 —, m-CH 3 CH = CH —, and 
H 3 C —, and H 3 C — C = C—) from the corresponding alcohols 150 (R =CH 3 CH 2 CH 2 —, cis- 
CH 3 CH =CH —, and H 3 C —C = C— )via intermediates 148, 149, 151, and 152, 196 or in con¬ 
version of highly unsaturated alcohol 154 into the corresponding acid 156 via aldehyde 
155. 197 

H H H H 

I I KOAe/KOH I ! 

HCsC-C = C-CH 2 -C1-► hc = c-c = c-ch 2 -oh 

148 149 


R -C-CH/CujCIi/HjOj 


H H 


R-C = C-C = C-C = C-CH 2 -OH 

150 


H H 


MnO: 


R—C=C—CsC—C=C—CH=0 

151 


CrOj 


H H 

I I 

R — C = C — C = C — C = C — COOH 

152 


CHjNi 


H H 

I I 

R — CsC — C = C — C = C — COOCH, 


153 
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R=/i-C 3 H 7 , 


H,C 


C = C 


H 


H 


H, C — C = C — 


H H 


w-C 3 H 7 -C = C-C = C-C = C-CH 2 -OH 

154 


MnO, 


H H 

I I 

n-C 3 H 7 -C = C-C = C-C = C-CH = 0 

155 90% 


CrOi/HjSO, 


H H 

I I 

h-C 3 H 7 -C = C-C = C-C = C-COOH 

156 


H 

1 

C,H S —O —CsC —Li + H 3 C-C = C-CH = 0 

I 

H 

158 


OH H 

I I 

c 2 h 5 -o-c=c-ch-c=c-ch 3 

I 

H 

159 


157 

ether. Ni. — 20'C 


MnOj/CHjClj. 4 h/25"C 


O H 

II I 

c,h 5 -o-c=c-c-c=c-ch 3 


H 


160 


40% 


Using manganese dioxide (carefully washed to neutrality) in dichloromethane. Stork 
and Tomasz 198 were able to oxidize the highly unstable l-ethoxy-3-hydroxyhex-4-en-l-yne 
(159) [prepared from the condensation of ethoxyacetylenelithium (157) with crotonaldehyde 
(158)] to give the alkali- and acid-sensitive ketone 160 in 40% yield, the first known ethynyl 
vinyl ketone. On oxidation with manganese dioxide, unsymmetrical acetylenic diols, unlike 
symmetrical olefmic 143 or acetylenic 144 145 diols, produce, instead of dicarbonyl products, 
aldols or ketols, e.g., conversion of 161 into aldol 162, (R)-4,6,8-decatriyne-l,3-diol 163 into 
the oxo alcohol 164. 195 or 165 into the ketol 166. 199 However, multiple conjugation can 
activate both hydroxyl groups and, for example, the asymmetrical diols 167 and 169 have 
been oxidized to give dialdehyde 168 199 and diketone 170, 195 respectively. 



146 


HO-CH 2 -CH,-C = C-CsC-CH,-OH 

161 
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MnOi/CHClj 


ho-ch 2 -ch 2 -c=c-c=c-ch=o 

162 


OH 

t 

H 3 C-C = C-C = C-CH-CH 2 -CH 2 -OH 

163 


MnOj/CHClj. 25"C 


o 

II 

H 3 C-C = C-C = C-C-CH 2 -CH 2 -OH 

164 


OH 

I 

CH-CsC-CsC-CH 2 -OH 



MnO,/H,C-CO-CH,.3h 


165 



CO-CsC-C = C-CH 2 -OH 


18% 


166 


HO-CH 2 -C=C-C = C-C = C-CH = CH-CH 2 -OH 

167 


MnO; 


0 = CH —C=C—C = C —C = C—CH = CH —CH = 0 

168 


OH OH 

I I 

n-C n H 15 —CH=CH — CH — C = C — C = C — CH — CH = CH 2 

169 


Mn0 2 /CH ! Ci ! .17h 


o o 

II II 

n-C 7 H 15 —CH = CH — C — C = C — C = C — C — CH = CH 2 

170 


3.2.2. Oxidation of Alkynic Alcohols of Type R — CHOH—C=CH 

Treatment of secondary alkynic alcohols 167a with manganese dioxide gave ketones 
168a in 10%-70% yield. 200,201 The effect of the polarity of the solvent should be noted, e.g., 
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of alcohol 167a (R = C ft H 5 ), where the yield of ketone 168a (R = C 6 H 5 ) decreases from 65% 
to 20% to 10% when the reaction is performed in chloroform, acetone, or ether, respec- 

OH 

tively. A series of analogous acetylenic alcohols R — CH — CsC — R [where R = alkyl; 

OH 

^ MnO, 

R—CH—C=CH-4. R—CO —CsCH 

167a 168a 


R = C,H 5 ,*-C 3 H 7 , 

R 2 = H i99.2oo. R 1 =R 2 = alkyl 194 ; R‘=phenyl, R 2 = H 199 ; R l =phenyl. R 2 = alkyl iw ; 
R‘ = R 2 = phenyl 199 ' 202 ; R‘ = furyl, R 2 = H 203 ; R‘=furyl, R 2 = alkyl 202 204 ; or R‘=thianyl. 
R 2 = alkyl 202,204 ] have been successfully oxidized with manganese dioxide to the 
corresponding carbonyl compounds. Similarly polyacetylenic alcohols containing two con¬ 
secutive, or alternate, triple bonds, 144 199,202 or three consecutive triple bonds, 144 195,205 or 
other acetylenic alcohols 198,201,206-208 have also been converted into the corresponding 
aldehydes and ketones. 

In a recent example, a secondary alkynic alcohol 171 (prepared by condensation of the 
acetylene 169a with propaldehyde (170a)) was oxidized with manganese dioxide, to give the 
ynone 172. 209 


C 3 H 7 C = CH+C 3 H 7 CHO 


BuLi 

-78-C 


C 3 H 7 CsCCH(OH)C 3 H 7 


169a 170a 


171 


MnO; 


C 3 H 7 CsCC(Q)C 3 H 7 


172 


In another example, 4,4-dimethyl-l,7-diphenyl-l,6-heptadiyne-3,5-diol was converted 
with manganese dioxide into the corresponding 3,5-dione in 79% yield, 210 and similar 
oxidation (MnO,/petroleum ether/20 h/r.t.) 210 of l,2-bis( 1 -hydroxy-3-phenylprop-3-yn-1-yl)- 
benzene (173) gave l,2-bis( l-oxo-3-phenylprop-3-yn-l-yl(benzene (174) in 50% yield. Other 


OH 


O 


CH-C = C-C*H, 


C-C = C-C„H 5 


CH-C^C-QH, 

I 

OH 

173 


C-C = C-C 6 H s 

II 

o 

174 


acetylenic diols were similarly converted into diones in 40%-90% yield. 210 However, some 
substituted acetylenic diols containing primary and tertiary hydroxyl groups, e.g., 175. on 
treatment with acidic manganese dioxide at room temperature were converted into 
y-oxyaldehydes, e.g., 176 (50%-70% yield). 211 Also, some substituted acetylenic diols con¬ 
taining tertiary and secondary hydroxyl groups, e.g., 177, on similar treatment were conver¬ 
ted into the expected ketols, e.g., 178 (30%—80% yield), 212 thus leaving the tertiary hydroxyl 
group intact. 
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r n 

n c-c=c-ch,oh - 

R '"' 1 

K OH 

175 

R = R' = CH 3 
R = CH 3 , R'=C 2 H 5 
R=CH 3 , R'=«-C 3 H 7 

ch 3 ch 3 

_ ^ MnOi I 

H 3 C—C —(C = C) n —CH —R- ■* H 3 C —C — (C = C) n —CO —R 

I 1 I 

OH OH OH 

177 178 

/i= 1; R = CH 3 (33%); C 3 H 7 (80%); CC1 3 (54%); C 6 H 5 (75%); 
thienyl-2 (35%); -CH=CH-CH 3 (30%); „ = 2; C 6 H 5 (30%); 


X) 


c-c=c-c 


R' 


OH 


H 


176 


A sensitive, mixed ethylenic and acetylenic alcohol 179 required a very mild oxidant for 
the conversion into ketone 180; the only suitable reagent for this reaction was active 
manganese dioxide (moderate yield). 213 


Cl 


C = 


Cl 


CH —CH =CH — CH — (CsC)i —CH 3 

OH 

179 


MnO, 


Cl 

V 'C = CH-CH=CH-CO-(C = C),-CH 3 

Cl" ,80 


Mildness of the oxidant (MnO,, CH 2 C1 2 , 25°C) was necessary for the conversion of the 
acetylenic alcohol 181 into the ketone 182 [methyl(Z)-6-oxo-2-hepten-4-ynoate] in 74% 
yield 741 and the conversion of the diacetylenic alcohol 183 (Mn0 2 , CH 2 C1 2 , 0°C) to the 
corresponding ketone 184 in 76% yield. 742 


/”\ 

co 2 h\ 

CHOHCH 

181 


MnO,/CH.CI; 
25 C 


/“\ 

co 2 h^ 

182 


COCH, 


CeV 


MnO./CH,CI. 
0 C 



o 

_1 


o 

J 


,o 


o X o 

_1 _J 


183 


184 
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3.2.3. Oxidation of Acetylenic Alcohols in the Presence of Amines 

An attractive procedure for the preparation of /3-alkyl(aryl laminoacroleins from 
2-acetylene alcohol and organic bases has been reported. For example, oxidation of 
propargyl alcohol (186) by manganese dioxide in the presence of piperidine (185) at room 
temperature (12 h) yielded /J-piperidinoacrylaldehyde (187) in 86 % yield. In the presence of 
other organic bases, e.g., RH [R = (H 3 C),N, (C ; H 5 ) 2 N, morpholino, C 6 H 5 NCH 3 . 
H 3 CNH, C ; HjNH, i-C 3 H 7 NH, i-C 9 H 9 NH, C,,H 5 NH], the corresponding aminoacroleins 
RCH = CHCHO were obtained in 46%-86% yield . 215 Oxidation of acetylenic alcohols and 
glycols by manganese dioxide in the presence of amines, alcohols, and phenols has been 
studied by Vereschchagin and coworkers . 216 

(^NH + HCsC-CHjOH Mn0 ' C>H ~ :oc ■ <^N-CH=CH-CHO 

185 186 187 86 % 


3.3. Terpenes 

As described earlier, only a few unsaturated terpene alcohols have been selectively 
oxidized with manganese dioxide (e.g., compounds 34, 53, 94, 117, 119, 124, and 126). 

3.3.1. The Stereospecific Corey Esterification 190 

A stereospecific method for conversion of x,/?-unsaturated primary alcohols into car¬ 
boxylic acid esters via the aldehyde involves manganese dioxide oxidation, first in hexane (to 
generate the aldehyde), and subsequently in the presence of cyanide ions in methanol to give, 
via suggested cyanohydrin and acyl cyanide intermediates, the product, a conjugate car¬ 
boxylic acid ester . 190 Usually, the conversion is high and no cis-trans isomerization of the 
a,/j-unsaturated double bond occurs. This can be seen from the conversion of geraniol (188) 
[rrans-3,7-dimethyl-2,6-octadien-l-ol] via geranial (189), into methyl geranate (190) in 
85 %—95 % yield . 190 Similarly farnesol, benzyl, cinnamyl, and furfuryl alcohols have been 
converted into their methyl esters in 91 %—95 % yield . 190 


H,C Y^y"cH, OH H,C Y~Ych.o 

CH 3 CH, ‘ CH 3 CH 3 

188 189 98% 


H C 

MnO^NaCN/HQAc/CH.OH ' Y^N^"N^ C qq CH 

CH, CH 3 

190 


85-95% 


3.3.2. Selective Oxidations of Terpenes 

A selectivity was observed in the manganese dioxide oxidation of a linear, 
polyoxygenated diterpene alcohol. Thus, on treatment with the reagent in chloroform, ger- 
anylnerol (191) gave the monoaldehyde 192 and a preponderance of the terminal 
3 , 0 -unsaturated dialdehyde (193a) (15%), believed to exist in equilibrium with an aldehydic 
hemiacetal (193b) (NMR evidence 220 ) and all-fraas-geranylgeraniols 222 were oxidized with 
manganese dioxide to the corresponding aldehydes. Selectivity in the manganese dioxide 
oxidation of terpene alcohols is further illustrated by numerous applications. For example, 
the unsaturated diterpene agathadiol (194) was converted by the reagent into the conjugate 
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OH 

193b 


aldol (195, agathalal) in 90% yield 223 ; similarly, sesquiterpene diol (196) was converted into 
an aldol 197 224 ; the diol 198 into a ketone 199 225 ; and the diol 200 into tricyclic enone 
201. 226 Oxidation of dimethyl shellonate 202 with manganese dioxide (Attenburrow) gave a 
mixture, identified as the aldehyde 203, the oxo ether 204, and the oxo compound 205. The 
diol (monoacetate) 206 was converted by the reagent into the ketone 207 (e.g., synthesis of 
/?-damascenone). 228 



198 199 


2a —H, R = H 5/? —OH 

2/J-H. R = H 5a —OH 
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o 



HO 

R/R'H 

/ 

H 


,CO,Me 


MnO. 


-CH,OH 


Me 

202 

R'=CO,Me 


HO 

R/r'h 

H 



CO, Me 


-CHO 


Me 


203 


O ^ CO, Me 


R 4 ? + R 2 - 

—C - R ! 


R 1 


O. ^ CO, Me 


R 4 


O 

„ I 

-C —R J 


Me Me 

204 205 

R‘=CO,Me, R 2 = R 3 = R 4 = H R‘=CO,Me, R 2 = R 3 = H, R 4 = OH 


OH 


AcO 



O 


MnO, 


AcO 




206 


207 


Cleavage of the sesquiterpenoid triol (208) was observed on treatment with active 
manganese dioxide; the keto-aldehyde 209 isolated was identical with the product obtained 
in the cleavage of 208 with sodium periodate. 229 



O 


MnO./CHCK. 3 h/25'C 



However, oxidation of diol 210 (the naturally occurring sesquiterpenoid lactone gar- 
finin) with manganese dioxide gave a mixture containing /J-ketol 211 (40% yield) and an 
enolizable /J-diketone 212 (~20% yield). 230 In contrast, similar oxidation of the isomeric 
6,7-lactone 213 produced the diene (parthemollin, 214) in 45% yield. 231 

On treatment of the synthetic sesquiterpene aii-rraws-tetraene alcohol (215) with 
manganese dioxide, ali-/r<ww-/?-sinensai 216 (2,6-dimethyl-10-methyiene-2,6,11-dodeca- 

trienal) was obtained in 68% yield; this conversion proved that /J-sinensal 216, as well as 
a-sinensal 217 (2,6,10-trimethyl-2.6.9,ll-dodecatetraenai), isolated from Chinese orange, 
exist in the all-/rans configuration. 231 



152 


Alexander J. Fatiadi 





3.3.3. Synthesis of Sesquicarene 

Corey and Achiwa 232 described a simple, four-step synthesis of sesquicaiene (219) from 
cisjrans- farnesol (218) (R = CH 2 OH) via intramolecular, diazo olefin cyclization. The 
alcohol 218 was oxidized to farnesol with activated manganese dioxide; this was then conver¬ 
ted into the hydrazone, which was oxidized to the diazo compound; cyclization of the latter 
gave DL-sesquicarene (219) in 25% yield from 218. 


CH, 


HjC^CH, 

218 


I. R--CH,OH--CHO(MnOj) 

2 —CHO- —CH-N-NH,(N,H./(C,H,),N) 

3 -CH-N-NH,- —CH = N,(MnO,) 

4. — CH = N. — 21$ |Cu,I,/THF> 



3 


3.3.4. Rearrangement of Terpenes 

An interesting, unexpected rearrangement of the allylic terpene alcohols (e.g., trans- and 
cu-pulegols) in the presence of the high and low activity manganese dioxide reagent has been 
described. Thus, treatment of the trans- and cis-alcohol mixture 220a and 220b (2- 
isopropylidene-5-methylcyclohexanol) with the fresh manganese dioxide in cyclohexane 
yielded (+ )-pulegone (221a) (30% yield) and the epoxyalcohol 221b (40% yield). However, 
treatment of 220a and 220b with the aged manganese dioxide in benzene gave, in addition to 
221a, a new isomerization product, an allylic alcohol (223a; 40% yield). Similar oxidation of 
2-isopropylidenecyclohexanol 220c or 2-isopropylidenecycloheptanol with manganese 
dioxide afforded only a little of a ketone (e.g., 221b; 10%-20% yield); the major product 
was either the epoxy alcohol (e.g., 222b) or a rearranged allylic alcohol (e.g., 223b) 
depending upon the batch (activity) of the manganese dioxide. Evidently this remarkable 
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H,C CH, 
O* 



R 

221 a,b 
a R = CH, 
b R = H 



OH 


H,C CH, H,( H, 


R 

221 a.b 



olefin epoxidation reaction depends upon the exact nature of the manganese dioxide, which 
is possibly a function of its age. The allylic alcohol grouping no doubt also plays a part in 
the reaction, since a sample of 9-octalin was recovered unchanged after stirring with 
manganese dioxide in benzene for several days. 233 Applications of manganese dioxide 
oxidation to the terpene series involve oxidation of geraniol, 28 ' 190 homologs of geraniol and 
related compounds. 25 107 143 " 145 183 ' 234235 farsenol, 217 ' 219 macrocyclic diterpenes (e.g., a- and 
/5-4,8,13-duvatriene-l,3-diol), 236 and some naturally occurring terpenes. 237-242 


3.4. Steroids 

Active manganese dioxide oxidations in the steroid field have been reviewed 21 ; the 
mechanistic aspects of steroid oxidations in general (e.g., oxidative rearrangements) have 
been reported. 9 ' 243-246 The stereochemical aspects of manganese dioxide oxidation of steroid 
allylic alcohols have been discussed (Section 3.1.3., e.g., compounds 42 and 44). 


3.4.1. Oxidation of Unsaturated Steroid Alcohols in Ring A, B, C, or D 

The manganese dioxide oxidation of steroid alcohols shows some unusual results; 
preferential oxidation of the allylic hydroxyl groups by the reagent was recognized 26 ' 46 ' 247 in 
a very early study on steroids. Subsequent work showed 248-252 that, no matter where the 
unsaturated alcoholic group was located in the steroid molecule (ring A, B, C, or D), it was 
oxidized first by the reagent, thus giving rise to selectivity in oxidation. 253 ' 254 Thus, a mixture 
of the 3a-, 11/)-, 17/)- and 3/?-, 11/)-, 17/?-triols 224 (obtained on reduction of andrenosterone 
with lithium alanate) was oxidized with manganese dioxide to give 1 l/?-hydroxytestosterone 
(225) in 62% yield; the saturated 17-ol remained intact. 26 Similarly, the steroid alcohol (226, 


HO 


OH 

H Yr\ 

MnO./CHCI,. 25 C 


224 


62% 

225 


containing an allylic hydroxyl group on ring B) was oxidized with manganese dioxide in 
chloroform, to give cholest-5-ene-3/?, 11a, 15/)-triol-7-one-3/J, lla-diacetate (227) (57% 
yield), 255 and d 7 -androstene-3/J, 6a-diol was converted into the conjugate enone (87% 
yield). 253 The steroid alcohol 228 containing an allylic hydroxyl group on ring C has also 
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been oxidized to enone 229. 247 3/1, 12/1, 20-Trihydroxy-5a-J 16 -pregnane 230 readily conver¬ 
ted into enone 231. 249 






MnO.yCHCI,. 4 h MnO, 



Aliyiic hydroxyl groups present in both rings (for example, rings A and B, 256 or rings A 
and D 257 ) have similarly been oxidized to the corresponding a./J-unsaturated dienones, even 
at room temperature (e.g., conversion of 232 into 233). 257 At elevated temperatures 




(7Q-120°C), manganese dioxide reacts vigorously and loses much of its selectivity; oxidation 
of unsaturated alcohols is often accompanied by dehydrogenation. For example, and 
/?,y-unsaturated steroid (cholesterol and other homoallylic A 5 -3-hydroxysteroids) are conver¬ 
ted into conjugate dienones when treated with manganese dioxide in refluxing chloroform or 
benzene 26,46,247,258 ; the A 5 -3-hydroxysteroid (234) affords the mixed dehydrogenation 
products, e.g., A 46 -e none (235) and z) 4 6 -dienone (236) in low to moderate yield. 26 
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It has been pointed out 26-247-258-259 that manganese dioxide can be used (in refluxing 
chloroform) to cleave the 1,3-dihydroxyacetone and 17,20-glycoi side chains of zf 4 -3-keto 
steroids (the cortisone family); this is demonstrated by the conversion of 11-hydroxy 
cortisone (237) into 3,17-dienone (238) in 28% yield 49-50 ; in neutral media, the reaction is 
accompanied by dehydrogenation. 

CH 2 -OH 

c=o 

I 

“'-OH 

MnO,/CHCl,.V/25h 


237 

Similar dehydrogenations in refluxing solvents have been observed with other steroid 
alcohols. 47-248-258 " 260 Harrison 47 reported that, when sufficient fresh reagent and purified 
solvents are used, both primary and secondary saturated alcohols can be oxidized in high 
yield, but slowly. Thus, 100 mg of 5a-androstan-17/?-oi (239), stirred at room temperature in 
hexane (or acetonitrile) with manganese dioxide (2 g) for 20 h, gave pure 5a-androstan-17- 
one (240) in practically quantitative yield 47 ; similarly, the estrone primary alcohol 241 was 
oxidized to estrone aldehyde 242 in 76% yield. 47 Surprisingly, however, estrone 243 was 
unaffected by the oxidant. 261 




OH 



MnO,/C,H u. 25 G/20 h 


a5^ 

99% 


H 


240 



The activity of manganese dioxide seems to be an important factor in the oxidation of 
the steroid alcohols. For example, treatment of des-A-9-pregnene-50, 20/3-diol (244) with 
aged reagent gave 20/?-hydroxy-des-A-9-pregnene-5-one (245) in 79% yield; however, fresh 
oxidant gave the overoxidation product (246; 20/)-hydroxy-des-A-9,1 l-pregnadien-5-one) in 
21% yield. 251 

A procedure involving hydrolytic oxidation by manganese dioxide (in a polar solvent) of 
a halo-substituted steroid enol ether has been reported. Treatment of 6-chioro-3-ethoxy-17a- 
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hydroxy-9/i, 10a-pregna-3,5-dien-20-one 17-acetate (247) with manganese dioxide in aqueous 
acetic acid at room temperature gave 6-chloro-17a-hydroxy-9(i, 10a-pregna-4,6-diene-3,20- 
dione 17-acetate (248) in 50% yield. 262 A 16a-hydroxy-cw-6/?-fluoro substituted corticoidal 
steroid has been oxidized with manganese dioxide in ethyl acetate to give the isomerically 
pure 16-keto-cij derivative in 87% yield. 263 



3.4.2. Steroidal Alkaloids 

C 27 -steroidal alkaloids of the 22,26-epiminocholestane type are of particular interest 
with regard to their biogenetic correlation to other Solanum alkaloid groups 264 which could 
lead, via redox reactions, to solanidanes 265 as well as to spirosolanes. 266 

3.4.2a. Oxidation of an Active Methylene Group in Solacongestidine. An interesting case 
of oxidation of an activated methylene group by active manganese dioxide to give a carbonyl 
compound was reported. 261 Treatment of solacongestidine (249) in chloroform with the 
oxidant (ACC) gave 23-oxosolacongestidine (250) in high yield; 250, on brief refluxing with 



249 250 


acetic anhydride, was readily aromatized to a pyridine derivative via elimination of the 
23-oxo group to give 3/?-acetoxy-20[2-( 5-methylpyridyl) ]-5at-pregnene. 266 

3.4.2b. Active Manganese Dioxide: A Reagent for a Biomimetic Cyclization. Treatment 
of 16/?-hydroxylated 22.26-epiminocholestanes, e.g., dihydrotomatidine A (251), with active 



The Oxidation of Organic Compounds by Active Manganese Dioxide 


157 


dioxide (Attenburrow) leads directly to a biogenetically important cyclization, to afford the 
corresponding spirosolane alkaloids, e.g., tomatidine (252) (80% yield). 267 The mechanism 
apparently proceeds via a primary oxidation of the piperidine ring in 251 to the 
corresponding azomethine. followed by spontaneous and stereospecific cyclization to the 
spirosolane alkaloid (252); this view is supported by the conversion of the 3.16-diacetylated 
epiminocholestane (253) with Mn0 2 into the azomethine (254) (33% yield). 267 Active 
manganese dioxide has been applied in structural studies, particularly for detecting the 
presence of allylic groups in steroids 268 ' 269 and some natural products. 222,241 ' 242 





3.5. Alkaloids 

A stereochemical effect in active manganese dioxide oxidation has been observed in the 
series of alkaloids 87,89 containing either allylic 87 or saturated 89 hydroxyl groups. Based on the 
favored oxidation of the allylic hydroxy group by the reagent, the correct structures were 
assigned to the natural alkaloids buphanamine (47) and epibuphanamine (45). Thus, 
manganese dioxide oxidation is a particularly useful analytical tool in elucidating the struc¬ 
ture of the complex alkaloids 270 " 286 summarized in Table III. 

A direct insertion of oxygen into an allylic alcohol system has been observed following 
the treatment of codeine with manganese dioxide, to give 14-hydroxycodeinone in 30% 
yield 271,287 (see Table III). A direct allylic oxidation has also been observed in other systems 
(e.g., manganese dioxide oxidation of cyclohexene to cyclohexenone) 288 or in oxidation of 
vitamin A! derivatives, 289 or in an oxidative rearrangement of a bicyclic alcohol. 72 


3.6. Benzylic Alcohols 

The oxidation of benzylic alcohols and structurally related alcohols by manganese 
dioxide is well established. Although the oxidant was originally regarded 12,25 as ineffective for 
conversion of benzyl alcohol into benzaldehyde, subsequent studies showed 28,289 that the 
more active forms of the dioxide can achieve this in high yield. Thus, manganese dioxide has 
become widely used in the synthesis of aromatic 27 or heterocyclic 152,153 ketones and 
aldehydes from substituted and unsubstituted benzylalcohols. The oxidation of benzylic 
alcohols with manganese dioxide generally stops at the carbonyl stage; however, further 
oxidation to acids (or lactones), either in neutral media 290 291 or in hot, aqueous solution.' 92 
have been reported, e.g., conversion 109->110. 154 
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TABLE III. Manganese Dioxide Oxidation for Structural Elucidation of Alkaloids 


Alkaloid Oxidation product- Yield (%) Reference 


*6 


-“•OQ 

N 

galanthamme 


CH, 




14- hydroxycodeine 



HiCO 

poweline 



ca ranine 


OCH, 



6- hydroxycnnamine 


CH, 




H,CO 




80 


86 


78 


75 


90 


30 


66 


270 


271 


274-277 


278 


274-277 


279 * 


280 


281-283 


Absence of reaction is indicated by a line in the product column. 
Product of acid hydrolysis. 


Table continued 
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TABLE III. (Continued) 

Alkaloid Oxidation product" Yield (%) Reference 


u f rw~u 



flavothebaone 

(thebaine) 


45 

46 (see page 133) 

60 

87 

47 

— 

— 

87 

48 

49 

70 

89 


3.6.1. Oxidation of Phthalyl Alcohols 

The 3,4,5,6-tetramethoxy-phthalyl alcohol (255) was oxidized with manganese dioxide 
to the phthalaldehyde 256 in 64% yield. 293 However, as recently found by Bhattacharjee and 
Popp, 294 oxidation of the phthalyl alcohols with manganese dioxide could form either 
phthalaldehydes or phthalides, depending on the position of the ring substituents. Thus, 
whereas 4,5-dimethoxy-phthalyl alcohol (257) was oxidized with manganese dioxide 
(methylene chloride, 25°C) to the phthalaldehyde 258 (65%), the phthalyl alcohol 259 
(4,5,6-trimethoxy-3-methylphthalalcohol) on similar treatment, gave a mixture of lactones, 
e.g., 7-methyl-4,5,6-trimethoxyphthalide (260) and 4-methyl-5.6,7-trimethoxyphthalide (261) 
(2:1 ratio) (85% yield). Similarly 262 gave 263 (76%) and 264 gave 265 and 266 (6:5 ratio) 


H,CO. 

HjCO 


OCH, 


CH,OH 

CH-.OH 


OCH, 

255 


MnOj/ethcr. 5 hfM. 


H,CO 

H,CO 


OCH, 


CH = 0 
CH=0 


OCH * 64% 
256 


CH,0. 

CH,0 


CH,OH MnQ? CH,0 
CH : OH CH,0 


CHO 

CHO 


257 


258 


65% 





160 


Alexander J. Fatiadi 


CH, 

CH,O^Jx^CH ; OH 

CH,O^^^CH,OH 

OCH, 

259 

CH, 

ch,o^Lch,oh 

■ VC, 


'CH,OH 


262 


OCH 3 

CH,Ov^^CH,OH 


'CH,OH 


CHj 

264 




CH 3 

265 



85% 


76.7% 


OCH, 


+ CH,a m' 



CH ^ 87% 
»’ |6:S| 


(87% yield). 294 Good conversions of a-substituted benzylic alcohols (e.g., diphenylmethanol, 
l,l’-naphthylethanol, tetrahydrophenanthren-l-ol), 27295 and other substituted 

benzylic 27,2 ® 7,295 " 298 or naph thy lie 27,295,296 alcohols have been reported. It is generally 
accepted 27,29,33,37 that a free-radical intermediate is partially involved in manganese dioxide 
oxidation of benzylic alcohols. 


3.6.2. Oxidation of Benzenemethanols 

The oxidation of a variety of benzenemethanols with active manganese dioxide was 
studied by Pratt and Van der Castle. 27 After refluxing the reagent with benzene until water 
no longer collected in a Dean-Stark trap, the alcohol was added, and refluxing was con¬ 
tinued until evolution of water ceased. The results may be summarized as follows: 

<n>-CH,-OH -nSss -► ft~%-CH = 0 

N S—y 7 $-85% coovemon \Vy/ 

(<0>-), ch - oh 88-95% conversion 

In a study of the oxidation of alcohols of the type 

<^CH-° H 

R 

R = H, alkyl, @-CH,-. <^-CH=CH-, ^-CO-.etc. 

the authors 27 explained the difference in the rates of oxidation of the a-substituted benzyl 
alcohols as due to the steric effect of substituents capable of preventing rapid adsorption of 
the alcohol on the surface of the active manganese dioxide, and the effect of the stabilization 
of free radicals formed in the first stage of the oxidation. 

Among the various types of active manganese dioxide, y-manganese dioxide is con¬ 
sidered (Refs. 19, and 37, and this text) to be most reactive form and also a mild oxidant 
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(Ref. 38, and this text). Recently Crotti and Macchina found 762 that the reagent can oxidize 
benzylic-type alcohols beyond the arylalkyl aldehyde stage and with degradation of a side 
chain (to give carboxylic acid). The authors report an unprecedented oxidative degradation 
or arylethanols and arylacetic acids by means of y-manganese dioxide as summerized in 
Table IV. 

The oxidation of benzylic alcohols to the corresponding aldehydes by active MnO, or a 
ready oxidation of dialkyl anilines to a variety of products by the same reagent is well known 
(Ref. 19 and this text). Recently Kienzle found 763 that when both structural features are 
present in a benzene ring in ortho position to one another (for example, o-dimethyl 
aminobenzyl alcohol, e.g., 267) the predominant product of Mn0 2 oxidation is 1,4-dihydro- 
l-methyl-2H-3, 1-benzoxazine (e.g., 269) in the range of 80% (possible conversion of 267 -<• 
268 -► 269 is given below). None of these iV-alkylated l,4-dihydro-2H-3, 1-benzoxazine has 
been reported in the literature. 

Thus, when 2-(dimethylamino)-3-methylbenzyi alcohol (analog of 267, Table V) is 
stirred in CH 2 C1 2 solution with a tenfold amount (by weight) of active Mn0 2 (Merck) 
1, 4-dihydro-l, 8-dimethyl-2H-3, 1-benzoxazine (analog of 269, Table V) is formed in an 
exothermic reaction within 10-15 min (84% yield); a small amount of aldehyde is also for¬ 
med. Table V summarizes these important oxidative transformations of o-dialkylamino 
benzyl alcohols by active Mn0 2 . 


CH-.OH 


MnO./CH,Cl. 

tO] 


N 

HjC^ x CH 3 

267 


CX 

^Y^CH 2 OH 

N 

HjC/ CH 2 OH 

268 


-OH® 


H,C 


N^O 

269 


3.6.3. Favored Oxidation of Benzylic Hydroxyl Groups 

Selective oxidation of benzylic-type alcohols with manganese dioxide has recently been 
reported, 300 e.g., conversions of 270 - 271, 301 272 - 273, 302 or 274 - 275 302 without affecting 
of the epoxide ring. Similarly flavan-3,4-diol (276) was converted to the dihydroflavonol 


TABLE IV. Products Obtained by Oxidation of p-XC 6 H 4 CH 2 R with Active 
y-Manganese Dioxide"’ 6 



Percent product 

Percent recovered 
starting material 

Reactant, p-XC 6 H 4 CH 2 R 

/>-XC«H„CHO 

p-XC 6 H 4 COOH 

(X = OCH,;R=CHO) 

50 

50 


(X = H; R = CH 2 OH) 

22 

23 

53' 

(X = H; R = COOH) 

21 

37 

42 

(X = CH,;R=CH 2 OH) 

17 

45 

Tj 

00 

(N 

(X = CH 3 ; R = COOH) 

3 

55 

42 

(X = OCH,;R=CH 2 OH) 

31 

27 

42 

(X = OCHj; R = COOH) 

22 

70 

8 

(X = H; R = OH) 


100 


(X = H: R = CH,CH,OH) 

9 

11 

54' 


'’The percentages (weight percent) are calculated by means of ‘HNMR spectroscopic analysis of the crude reaction 
product (reaction time 24 h). 

■' Phenylacetic acid was also present (2%). 
rf p-Tolylacettc acid was also present (10%). 

' PhCH 2 CH 2 COOH was also present (26%). 
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TABLE V. Oxidation of orr/to-Dialkylaminobenzyl Alcohols with Active MnO," 


Substrate 


Product 


Ratio oxazine/aldehyde 


CH.OH 


A 


Cl 


CH.OH 


CH,OH 


CH.OH 


Cl 


JuL 

> ^t'ch. 


CH.OH 


OH 


ft 


CH.OH 


CHjOH 


0 


CHO 


,N^O /Ns 


XX + xx 


/N. O /Ns 


^Ns^O /Ns 

Cl Cl 


CHO 


CHO 


CHO 


/NL O 


* a p-c H o 


s/Nsj-O -s^N-s 

XX * 0 , 

Xr° (2? 


CHO 


CHO 


O ' 0 o 


CHO 


2/2 


84/1 


3/2 


4/3 


5/2 


12/1 


9/1 



Reference 763. 
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In contrast, manganese dioxide oxidation of the alkaloid diol 282 gave a mixture con¬ 
taining mainly a cyclic (hemiacetal) ether 283 (alkaloid alpinigenine) and some ketol 284. 305 
The structure of the phenolic, optically active metabolite arugosin C (285: a dibenzo[b,e]- 





oxepin) was supported, among other factors, by the failure of 285 to be oxidized with active 
manganese dioxide, a reagent which oxidizes benzylic secondary alcohols. 306 



No reaction 


Oxidations of benzyl-substituted /i-aminoalcohols with manganese dioxide produce sen¬ 
sitive /i-aminoaldehydes in low yield. Thus, treatment of A r -benzyloxycarbonyl-3-amino-3- 
phenylpropanol (286) with manganese dioxide gave the corresponding /J-aminoaldehyde 
(287) in 10%—12% yield (isolated as 2,4-dinitrophenylhydrazone). 307 In contrast, however, 
the aminoalcohol 288 failed to undergo manganese dioxide oxidation. 308 


<^)-CH-CH : -CH 2 -OH 

NH MnO,/C t H». IOdaw'25 

/T-O-CH, 

o' 



286 


c 



CH-CH,-CH = 0 
I 

NH 


O 


|C —O —CH,— 

287 


12% 



MnOj/CHjCl,. 24 h/25°C 


No reaction 
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As mentioned in Section 3.5. some natural jV-methyl aminoalcohois, e.g., the alkaloids 
tazettine or dihydrotazettine 281-283 or derivatives of tazettine. 283 have been selectively 
oxidized with manganese dioxide to give A'-methylamide derivatives (see Section 3.5, 
Table III); however, aminoalcohol 289 (alkaloid hydrastinine) was converted by manganese 
dioxide into the corresponding lactam (290) in 76% yield. 287 



Treatment of a benzylic alcohol [l-(l,3-dioxolan-2-yl)-3-hydroxy-3-(3,4,5-trimethoxy- 
phenyl)-propane] in refluxing benzene with manganese dioxide (2 h) gave a ketone [ I-( 1,3- 
dioxolan-2-yl)-3-oxo-(3,4,5-trimethoxyphenyl)-propane] in 87% yield. 310 Synthesis of w-(p- 
tolylsulfmyD-acetophenone (294) involved a manganese dioxide oxidation of 2-hydroxy-2- 
phenylethyl p-tolyl-sufinyl carbanion (291) with benzaldehyde (292). 311 

O 

H ,C-<^-S-CH : e Li® + 0 = CHhQ -► 

291 292 

O OH 

Mn ° : > 

293 

294 

Active manganese dioxide was the reagent of choice for the oxidation of the isomeric 
adducts, following the condensation of 1,2,3,4- and 1,2,3,8-tetramethylcyclooctatetraenes 
with iV-phenyltriazolinedione 312 ; similar isomeric adducts of the dimethylcyclooctatetraene 
derivatives were also oxidized with manganese dioxide. 313 

A series of secondary alcohols, e.g., 295, have been successfully oxidized to the 
corresponding ketones 296 with active Mn0 2 in tetrahydrofuran; this constitutes a con¬ 
venient synthesis of thioxanthones having two heteroaromatic rings. 744 Recently, the 



295 296 

Y Z 


CH N 
N CH 


deuterio-benzyl alcohol (297) was converted to the deterio-aldehyde 298 by active MnO, in 
80% yield. 746 Active manganese dioxide (ACC) 25 has recently been used for conversion of 



297 

R=CHDOH 


298 

R =CDO 
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the benzofuran alcohol (299) into the aldehyde 300 747 and the dibenzofuran alcohol (301) 
into the aldehyde 302. 748 


Me 

m ‘°Co 

299 


MnOjC.H, 


CHiOH 


Me 

t**\ 


Me °vi3 


O' 


CHO 


300 


V OCH 2 Ph 


jf)_yCH 2 OH 

301 


MnOJC.H, 


Y OCHjPh 

CiQcho 

— 

302 


3.6.4. Oxidation in the Vitamin D Series 

la,25-Dihydroxyvitamin D 3 (303) (C 23 —OH), is a natural hormone, 314,313 inducing the 
formation of calcium binding proteins, responsible for the calcium transport and its 
mobilization in the body, la-hydroxy vitamin D 3 (303) was oxidized with freshly prepared 
active manganese dioxide in ether resulting in the ketone 306. Oxidation of la-hydroxy- 
previtamin D 3 (304) with an active manganese dioxide resulted also in 1-ketoprevitamin D 3 
(306). This oxidation, however, proceeded at a faster rate than the corresponding oxidation 
of 303 and gave the ketone in higher yield. 

The formation of 1-ketoprevitamine (306) instead of 1-ketovitamin 305 implied that the 
thermal equilibrium 306 306 is totally on the side of 306, differing thus from the 

equilibrium vitamin D 3 previtamin D 3 which is predominant on the side of the vitamin. 
This shift in the position of the equilibrium is consistent with the increased stability due to 
the linearly conjugated carbonyl system present in the ketone 306 314 (Scheme 6). 


3.6.5. Conversion of u-Hydroxy Acids into Keto Acids 

The literature contains a few reports on manganese dioxide oxidation of esters of 
a-hydroxy acids to the corresponding esters of keto acids. For example, treatment of methyl 


SCHEME 6 
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oc-hydroxyphytanate (307), methyl a-hydroxy-3,7,11,15-tetramethylexadecanoic acid) in 
chloroform with a tenfold excess of the dioxide gave the a-ketophytanate (308). 316 However, 
there is no published report on the direct conversion of an a-hydroxy acid into a keto acid 



CH 3 

— CH — CH — COOCH 3 
OH 



by manganese dioxide. It has been found for the first time in this laboratory that treatment of 
309 (DL-4-hydroxy-3-methoxymandelic acid, “vanillylmandelic acid,” a major metabolite of 
epinephrine, found in urine 317 ) with manganese dioxide in chloroform at 55-65°C produces 
an important metabolic intermediate 310 (DL-4-hydroxy-3-methoxyphenylglyoxylic acid), 
albeit in only 25%-40% yield. 318 

co 2 h 

HC-OH 

MnO^CHCI,. 3 h/60°C 

OCH, 

OH 

309 310 




3.7. Heterocyclic Alcohols 

Heterocyclic alcohols and a series of primary and secondary alcohols in which the 
hydroxyl groups are activated by heteroaromatic conjugation can be selectively oxidized with 
manganese dioxide to the corresponding carbonyl compounds; these include xanthene- 
9-ol, 58,2,5 cumenol alcohol ethers, 320-322 2-hydroxytetrahydropyran, 287 furan, 175,323 sub¬ 
stituted furans, 175,324,325 benzofuran, 326 and benzodioxin 327 alcohols, amino alcohol, 328 
(hydroxymethyl jpyridines; 2,3,4, or 6; disubstituted: 2,6, 329 (hydroxymethyl )-pyridine-N- 
oxide, 329 (hydroxymethyl)methylpyridines, 330 (hydroxymethyl)-pyridine derivatives, 331,332 
pyrrole, 333 indole, 334-336 carbazole, 337 quinazoline 338 alcohols, 2-(hydroxymethyl)- 
imidazoles, 339-341 substituted imidazoles, 342,343 benzimidazole 341 alcohols, 5-(hydroxy- 
methyl)uracii, 344 (hydroxy methyl )-l, 2,4-triazole, 345 also thienyl, 148,175,346,347 and 
ferrocene 348-355 alcohols. A series of naturally occurring compounds containing benzylic 
hydroxyl groups have been successfully oxidized with manganese dioxide, e.g., indole 
alkaloids. 336,357 dibenzazonine alkaloids, 358 codeine, 287 codeine derivatives, 89 lycorenine, 287 
and other related benzylic or heteroaromatic alcohols. 93,359-365 

Some examples of the selective oxidation by manganese dioxide of benzylic, heterocyclic, 
or heteroaromatic alcohols (with different degrees of activation of the hydroxyl groups) are 
shown in Table VI. 
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TABLE VI. Selective Oxidation by Manganese Dioxide of Some Benzylic, 
Heterocyclic, or Heteroaromatic Alcohols 


Substrate 

Product 

Reaction 

conditions 

Yield (%) 

Reference 

o OK 

a 

Mn0 2 CHCl„ 

24 h/r.t. 

>50 

287 

‘ ' 0 gcs?o„ 

H,c ' 0 gsss 

Mn0 2 

68 

326 

°^ ch ,° h 

HOH 2 C^O^ 

H 

H 

^,OJ.>CH,OH 

OHC'^^O^Ar 

H 

MnO 2 1,4-dioxane 

8 h, 60°C 

80 

327 


/'N- / v^yv- CHO 

V J 

MnO 2 C0L 

70.5 

342 

jSl 

HO-CH, N^CH 2 -OH 

jQl 

OHC N CHO 

MnOXHCl, 

5 h/r.t. 

54 

329 

ho-ch,..ch 2 -oh 

HjCS-^sy-SCH, 

HO - CH -’ W CHO 

H, CS *^ 5 ^—SCH j 

Mn0 2 CHCl 3 , 

16 h/r.t. 

90 

347 


OHC CHO 

Mn0 2 CHCl 3 , 

60 

347 


H.CS-CgVsCH, 5 h/r.t. 




MnO, acetone, 
1.5 h, 56°C 


50-80 333 



0> cho 

H 


Mn0 2 ether, 
24 h/r.t. 


65 335 




MnQ 2 


MnO^MSO, 
15 min/100°C 


47 358 


85 344 


OO 

h ohc,h 7 


o o 

:>-CH, MnOj/QH., 81 343 

24 h/r.t. 

o C,H, 



Table continued 
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TABLE VI. (Continued) 


Substrate 

Product 

Reaction 

conditions 

Yield (%) 

Reference 

CH,-OH 

^p-CH,-OH 

Fe 

<k 

CH,-OH 

^P^CHO 

Fe 

ch ° 

^p"CHO 

Fe 

4? 

MnOj/CHCl,, 

12 h/r.t. 

50 + 50 

338 

|r CH -" 0H 

^"'CHO 

|r CHO 


MnOi/CHClj 

33 

149 


A specific oxidation of heterocyclic moiety, e.g., the tetrahydroimidazo[4,5-d][l,3]- 
diazepin-8-ol (311) (311a and 311b, 8S, 8R isomers), to give an important adenine keto 
nucleoside (312) has recently been achieved with active Mn0 2 in pyridine: all other reagents 
produced an incomplete oxidation. 743 





311a 311b 312 

R = -/?-foluoyl R = — p-foluoyl 


3.8. Saturated Aliphatic Alcohols 

Oxidation of saturated primary and secondary aliphatic alcohols with manganese 
dioxide in neutral media can be achieved provided that fresh reagent, a suitable solvent, and 
sufficient time and quantity of the oxidant are applied. 28 ' 47 The rate of oxidation of saturated 
alcohols, is, however, lower compared to allylic or benzylic alcohols, because of the greater 
ease with which the C — H bond is cleaved in the unsaturated alcohols. Oxidation of isobutyl, 
capryl, or C 14 - alcohols in neutral media, 29 or propyl or isopropyl alcohols 29 to the 
corresponding carbonyl compounds, and conversion of a benzene solution of butyl alcohol 
into butyraldehyde (70%) and of 4-methylcyclohexanol (in acetonitrile) into 

HjC —CHj —OH —jo*- HjC —CH = 0 (5) 


H,C 


H,C 


H,C 


CH-OH 

,/ 


H,C 


c=o 

/ 


( 6 ) 


H jC 


H,C 


H,C 7 


CH —CH, — OH 


CH —CH =0 


H,C 


(7) 
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4-methylcyclohexanone (71 %) 47 has been reported. Many, saturated, aliphatic alcohols have 
been oxidized with manganese dioxide at the reflux temperature, e.g., 292 Eqs. (5)—(7). As dis¬ 
cussed earlier, several saturated alcohols were successfully oxidized with manganese dioxide, 
e.g., cyclopropane alcohols (conversions 128->129 and 130 -► 131, 178 bicyclic alcohols 
(2 —*• 4), 73 steroid alcohols (239 -► 240 and 241 -* 242), 47 and oxidation of a-santonin (con¬ 
version 119—* 120), 159 or oxidation of 2-hydroxytetrahydropyran to lactone. 287 Treatment of 
a mixture of exo- and en^o-tetracyclo[3.3.0.0. 2,8 .0 46 ]-3-octanols (compounds 313 and 314, 
respectively) with manganese dioxide gave tetracyclo[3.3.0.0. 2-8 .0 4,6 ]-3-octanone (315) in 
85% yield; both epimers seemed to be readily oxidized by the reagent. 187-367 

Oxidation of the nonallylic hydroxy group with manganese dioxide in dichloromethane 
(but not in 1,4-dioxan) may be illustrated with the conversion of the natural gibberellin A 7 
methyl ester (316) into its 2-oxo derivative 317 45 or conversion of the homoallylic alcohol 
shiromodiol (318) into the hydroxyketone 319 368 [Eqs. (8) and (9)]. 

£k\OH + z2b^. 0 

H X ° H 85% 

313(exo) 314 (endo) 315 



318 319 


As mentioned earlier (Sec. Ill, 3a), a stereochemical preference in manganese dioxide 
oxidation of certain saturated, vicinal diols (to give the dicarbonyl compounds) in neutral 
media has recently been observed. 92 Only 1,2-cis-diols and analogous trans compounds hav¬ 
ing a flexible arrangement of their hydroxy groups can be oxidized; sterically hindered diols, 
e.g., 9,10-frans-decalindiol, remain inert. If the hydroxy groups are secondary, 
dehydrogenation is observed, instead of complete oxidation. For example, dodecanedial, as 
the oxidation product of 1,2-cw-cyclododecanediol, is accompanied by 1,2-cyclo- 
dodecanedione (14%) and traces of 2-hydroxycyclododecanone. 92 Several useful synthetic 
preparations of some otherwise difficulty accessible carbonyl compounds from 1,2-diols are 
summarized in Table VII. 92 

A novel diol cleavage reaction using surprisingly gentle reaction conditions (MnOj, 
CHjClj, 25°C) has recently been reported: conversion of 320-*321 +322. 74 



CH, 

322 
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TABLE VII. Products of Oxidation of 1,2-Diols by Manganese Dioxide 0 


Starting material 

Product 

Time (h) 

Conversion (%) 

Yield (%) 

H 


4 

100 

85 

HO HO 

o 

o 

2 

100 

70 

“if 7 


1 

100 

90 

OH 

OH 


72 

0 

— 

HO.,* 

^ 0H 

H 

o o 

5 

100 

70 

CO^OH 

ccv 

1 

100 

60 

OH 

£r° 

2 

100 

90 


* Reference 92. 


Saturated aliphatic a-hydroxyketones were readily oxidized with active manganese 
dioxide in refluxing organic solvents to the corresponding 1,2-diones in yields comparable to 
those given by other methods; for example, 3-hydroxyhexanone gave 3,4-hexanedione (52% 
yield) and 4-hydroxyoctanone was converted into 4,5-octanedione in 58% yield [Eqs. 
(10) and (11)]. 


OH O 


O O 


Cj h 5 —ch—c—c 2 h 5 — c 2 h 5 —c—c— c 2 h 5 


( 10 ) 


OH O O O 

I II II II 

n-CjH,—CH —C —C 3 H 7 -n n-C 3 H 7 -C-C-C 3 H 7 -n (11) 


Manganese dioxide has been applied in the synthesis of p-nitrophenyl 3-hydroxy- 
2,2-dimethylpropyl ether (from p-chloronitrobenzene and neopentyl glycol in an auqueous 
potassium caronate solution). 369 The reagent was also used in oxidation of saturated, 
naturally occurring alcohols, 37<3 " 374 for the analysis of mixtures of saturated and unsaturated 
alcohols, 367 and for other functional-group analysis. 375 
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3.9. Polyhydroxy Compounds 

Selectivity in the manganese dioxide oxidation of polyhydroxy compounds in neutral 
media has been pointed out earlier (e.g., conversion 113 —*■ 114, 156 117 —► 118, 157 or 
194 —*■ 195 223 ). Nonselectivity has usually been observed when the oxidation is performed in 
hot, polar solvents; thus, ethylene glycol, glycerol, D-mannitol, and inositol were all degraded 
to carbon dioxide and water when refluxed with an suspension of manganese dioxide. 292 
Similarly, hydroxy acids are oxidized, e.g., tartaric acid to give carbon dioxide and 
acetaldehyde; citric acid -* acetone; malonic acid -+ ethylene + carbon dioxide. 292 

Cleavage of the side chain with manganese dioxide has been reported for certain 
polyhydroxy, benzylic type alcohols and acids 304 ' 376 ; however, some of the dihydroxybenzylic 
alcohols have been selectively oxidized with the reagent to give keto-aicohols in high 
yields. 304 ' 377 

An interesting, selective oxidation by manganese dioxide in neutral media of a mould 
metabolite triol has been recently reported. Thus, whereas the mwu-a,/?-giycol structure in 
323 (12, 13-epoxytrichothec-9-en-3a, 4/J, 15-triol) was stable to periodate oxidation, 378 ' 379 323 
was easily oxidized (on ringC) with manganese dioxide in chloroform, to give three major 
3,4 -seco products, 379 viz., hemiacetal 324, <5-lactone 325, and y-lactone 326 (formed via an 
intramolecular, crossed-Cannizzaro reaction), and a minor product, the a,/?-unsaturated 
dialdehyde 327. 

A reasonable mechanism 379 for the formation of 327 involves oxidation of 4/S-secondary 
alcohol 323 to the 4-keto compound, followed by a base-catalyzed isomerization of the 
epoxide to a keto-aldehyde, and by the retro-Michael fission of ring C between positions 2 
and 3; finally, the newly formed a-ketol is then oxidized to the product. This pathway is sup¬ 
ported by the report 380 that the related triol 328 (dihydroverrucarol B) was rapidly and 
quantitatively oxidized by manganese dioxide, giving 4-keto derivative 329, isolated as the 
hemiacetal 330. 



3.10. Carbohydrates 

Manganese dioxide oxidation is at present of limited scope in the carbohydrate field; 
however, progress in this direction is on the horizon. Particularly interesting are the 
stereospecific oxidations of certain allylic carbohydrates that have been discussed (com- 
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pounds 36, 37, 38, 39, 40, and 41); some novel synthetic or structural applications of the 
reagent inthe field are described here. 

An early study 381 of the action of manganese dioxide on simple carbohydrates in 
aqueous solution (at 25°C and at 95°C) revealed that hexoses yield pentoses and some acidic 
products; the fragmentation was also observed with heptoses (to give hexose and pentose); 
surprisingly, erythrose was oxidized completely by the reagent, and galactose gave some 
epimerication products. Oxidation was generally observed with aldoses having the 2-hydroxy 
group free; the substituted aldoses (e.g., 2-deoxy, 2-acetamido-2-deoxy, or 2-0-methyl 
derivatives) were not affected. 381 Disaccharides generally gave less complex mixtures on 
treatment with manganese dioxide; although the (1 —► 2)-linked disaccharide sophorose did 
not react, the (1 -►3) (laminarabiose), (1 -*4) (maltose or cellobiose), or (1 ->6) (melibiose) 
disaccharides were degraded to give, mainly, (1 -* 2)-, (1 -* 3)-, and (1 -* 5)-linked hexosyl- 
pentoses (18%-31% yield) and glycosylgiycuronic acids (18% yield). 382 A limited selectivity 
has also been observed in the oxidation of D-fructose with manganese dioxide (at 25 °C in 
aqueous solution); the main oxidation product was D-araWw-hexosulose [o-glucose, 
isolated as quinoxaline or as the (2,4-dinitrophenyl)osazone]. 383 Under vigorous conditions 
(refluxing aqueous solution) manganese dioxide loses much of its selectivity and, for exam¬ 
ple, the sugar alcohols D-mannitol and myo-inositol were completely oxidized by the reagent 
to carbon dioxide. 292 When a sample of DL-ep/-inosose-2 was refluxed with aqueous 
manganese dioxide for 1 h and the filtered solution was carefully neutralized with potassium 
carbonate, among the degradation products were found (isolated as potassium salt) 
mesoxalic (2-ketooxalic), oxalic, and croconic acids 318 ; similar oxidation of inosose was 
observed 382 ; however, no degradation products were reported. 

A new route to the preparation of aldosuloses (osones) involves manganese dioxide 
oxidation of epimeric pairs of the allylic carbohydrate alcohols to give the vinyl ketons as 
reaction intermediates. Thus, when a solution of l,2-dideoxy-4,5-0-isopropylidene-D-//ireo- 
(and D-erythro (-pent-1 -enitol (compounds 331 and 332, respectively) was treated with 
manganese dioxide in tetrahydrofuran, compound (333; l,2-dideoxy-4,5-0-isopropylidene-D- 
glyceropertt- l-en-3-ulose) was isolated in 41% yield. Degradation of 333 by reductive 
ozonolysis and hydrolysis gave D-g/vcero-tetros-2-ulose (334) in 18% yield; similarly, 
D-araiwo-hexosulose was obtained in 37% yield. 384,385 
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The allylic pyranosides 335 and 336 were oxidized with manganese dioxide to give the 
alkyl hex-2-eno-pyranosid-4-uloses, 337 and 338. respectively, a new class of a./J-unsaturated 
ketoses, in 50% yield. 386 Similarly, l,2-0-isopropylidene-a-D-giucofuranur-ono-6,3-lactone 
(339) on treatment with manganese dioxide in acetone was converted into the 5-ulose-6.3- 
lactone (340) in 28% yield, 387 and 2',3'-0-isopropylidene-6.5'(S) cyclouridine (341) was 
oxidized to 2.3'-0-isopropylidene-5'-oxo-6,5'-cyclouridine (342) in 93% yield. 388 
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MnO,/CHCi,.r.l 


335:R'=CH„R 2 = C 6 H 5 CO 
336 : R 1 = C 2 H 5 , R 2 = C 6 H s CO 



338 



3.10.1. Synthesis of Alditols 

DL-Arabinitoi, ribitol, and xylitol have been synthesized from 3-hydroxypenta-1,4-diene 
(divinyi carbinol) by the routes outlined in Scheme 7. 389 

3.10.2. Application of the Corey Procedure 

A useful extension of the Corey procedure 190 to the carbohydrate field was the 
preparation of a mixture of the conjugated diene compounds 344 and 345 from 343. Thus the 
2,3-dideoxyhex-2-enose triacetate (343) was oxidized by a mixture of sodium cyanide, acetic 
acid, and manganese dioxide in methanol to give a mixture of 344 and 345, a reaction 
pathway for this conversion was suggested. 390 




The Oxidation of Organic Compounds by Active Manganese Dioxide 


175 


CHO 



HC-OAc 

I 

HC-OAc 

I 

H 2 C-OAc 

343 


MnOi/NaCN/AcOH/H ,COH 


o 


o 


3T* 

ch 2 oh 

344 


H-(f OCH, 

COOCH, 

345 


3.10.3. Application of the Mannich Base 

A method closely related to the Corey method is a procedure that could be of interest to 
carbohydrate chemists for converting an aldehyde into a carboxylic acid amide [e.g., conver¬ 
sion of 2-furaldehyde (346) into 2-furoic diethylamide (347) in 98% yield] 391 or preparation 
of /1-aminoketones from 2-ethyienealcohois [e.g., preparation of l-diethylamino-3-nonanone 
(349) from l-nonene-3-ol (348) in 78% yield]. 392 



CHO 


MnO,/NaCN/HNfC,H,)i//-C,H,OH 


346 
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■N(C,H 5 ) 
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OH 
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349 ?8% 

Similar oxidation of 6-heptene-l,5-diol (350) with manganese dioxide in the presence of 
diethylamine yielded the Mannich base 393 2-(2-diethylaminoethyl)tetrahydropyran-2-ol (351) 
in 69% yield, an important intermediate in the synthesis of novel spiro heterocyciics 394 395 ; in 
addition, for example, compare the Mannich base structure in the natural antibiotics 358 and 
359. 


t5° 



350 


351 


3.10.4. Other Applications 

An example of incorporation of a side chain reducing sugar into a conjugate hetero¬ 
aromatic system is a synthesis of pterins from 4-amino-5-nitropyrimidines. Thus, 
hydrogenation over Raney nickel of l-( 2-amino-1,6-dihydro-5-nitro-6-oxopyrimidin-4- 
ylamino)-l,5-dideoxy-L-em/iro-2-pentulose (352) gave 7,8-dihydropretin (353); this was then 
oxidized with manganese dioxide at low temperature to give biopretin (354) in 58% yield 396 ; 
the relative stability of the above heteroaromatic diol. as compared to facile cleavage by the 
reagent of the comparable aromatic diol (e.g., compound 280 -» 281 ) 304 may be noted. 

An interesting oxygen-insertion reaction has been observed following the oxidation of 
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the substituted inositols with active manganese dioxide. Thus, treatment of 1,2,3,4-di-O- 
methyl-epi-inositol (355) with the reagent in acetonitrile gave, instead of the expected inosose 
derivative 356, an oxygen-insertion product, the hemi-acetal lactone 357 in 28% yield: com¬ 
pound 356 was the reaction intermediate (compare the other oxygen insertion, e.g., conver¬ 
sion 2 —► 4). Compound 357 could be regarded as the key intermediate in the synthesis of 
hexoses and pentoses (e.g., DL-allose and DL-ribose) from inositols (e.g., cyciitols). 397 
Although the yield is moderate, the synthetic procedure is novel and warrants further 
exploration. The previous oxygen-insertion reactions that led to the new class of carbo¬ 
hydrate derivatives have been performed by Baeyer-Villiger oxidation (perbenzoic acid in 
moist chloroform) or by using ruthenium tetraoxide reagent. 398 



MnO^CH ,CN, r.i./3 weeks 

il% 



MnO, 



Manganese dioxide has been succesfully applied in structural and diagnostic studies of 
complex natural products. For example, the structure of the antibiotic spiramycin (358, 
R = H) was confirmed, among use of other evidence, from the manganese dioxide oxidation 
of the partially hydrolyzed products. Thus, treatment of the mild acid hydrolysis product, 
forocidine [after splitting ofT the sugar moiety (ring A) and forosamine moiety (ringB) in 
358] with the oxidant gave a dienone, thus confirming the aliyiic attachment of ring B to the 
spiramycin agiycon. 399 In another case, the structurally related antibiotic leucomycin A 3 
(359) was oxidized with manganese dioxide to dehydroleucomycin A,, thus confirming the 
presence of an aiiylic (a,/J,y,<5-unsaturated) alcohol group in 359. 400 

Acid hydrolysis of the glycoside amorphin gave glucose, arabinose, and the agiycon 
amorphigenin (360); the presence of an allylic primary alcohol group on the dihydrofuranoid 
ring (e) of 360 was confirmed by conversion of the latter with manganese dioxide into an 
unsaturated keto-aldehyde derivative. 401 

Freudenberg and co-workers 402-404 in their comprehensive study of the structure of the 
lignin monomer 404 have shown that the structurally related coniferyl alcohol (361, R = H), 
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Similar oxidation 405 of the ethyne trityl ether with manganese dioxide, followed by 
borohydride reduction and treatment with p-toluenesuifonyl chloride, gave an isomeric 
mixture separated by chromatography (Scheme 9). 


3.11. Phenols 


3.11.1. Oxidative Coupling of Phenols 

Oxidative cyclization is of great importance to synthetic and biogenetic studies; 
significantly, a key step in the biosynthesis of many complex natural products is the oxidative 
coupling of a phenol. 406-420 

Phenolic oxidation has become one of the new research areas of synthetic organic 
methodology, and many successful syntheses of natural products, particularly those involving 
formation of new C—C, C—O, or C—N bonds can now be explained by pairing radicals 
from the substrate involved in the oxidative step. As originally syggested by Barton and 
Cohen, 406 many alkaloids owe their biosynthesis to intramolecular, radical-coupling reac¬ 
tions, and this was later verified by extensive tracer experiments. 412,416 

Oxidative coupling of phenols can be performed with any one of a series of reagents, 
e.g„ alkaline hexacyanoferrate(III), neutral iron(HI) chloride, hydrogen peroxide/iron(II) 
sulfate (Fenton reagent), lead(IV) oxide, nickel peroxide or lead(IV) acetate; however, active 
manganese dioxide occupies a special place. 408,412 Various oxidants convert phenols into 
mono- or diradicals which can either dimerize or couple intramolecularly to form a new 
bond. A model radical cyclization—for example, chemical oxidation 421 of methylene- 
bis[dimedone] 364 (R 1 =CH 3 , R 2 = H)—leads to intramolecular oxidative carbon-oxygen 
coupling to yield the spiro enol ether 366. The latter may arise via a short-lived stabilized 
biradical (365a ♦-♦365b) which undergoes exclusive carbon-oxygen intramolecular coupling; 
the carbon-oxygen bond has as much bond energy (85 kcal/mol) as a carbon-carbon bond 
(82 kcal/mol). 
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Similar carbon-oxygen coupling has been observed in a synthesis of griseofulvin 
derivatives either from diphenyl ether 422 or substituted benzophenones. 423 Thus treatment of 
367 (6-carboxy-2-methylphenyi ether) with manganese dioxide in acetone/ether gave rac- 
dehydrogriseofuivoxin (368) in 85% yield. 422 



The substituted benzophenones shown 369 are cyclized to A 5 -dehydrognseofulvin 
derivatives (370, R 1 = CH 3 , R 4 = R 6 = OCH 3 , R 5 = H, R 7 = C1 or F) by manganese 
dioxide 422,423 ; only C—O coupling is sterically feasible. The fungal metabolites geodin and 
erdin (370, R 4 = OH, R 5 = R 7 = C1, R 6 = CH 3 , R‘=COOCH 3 , or COOH, respectively) 424 
are closely related compounds. The oxidative cyciization of morusin (371) by using one-elec¬ 
tron transfer oxidants (e.g., manganese dioxide) afforded C—O coupling products, e.g., the 


R 5 

R 6 


R 4 O OCH, 



MnO, 


OH R 1 
369 


OH 



hydroperoxide 372 (35% yield) and the coupling product 373 (2% yield). The radical 
mechanism involved in the formation of 372 and 373 was supported by conducting the reac¬ 
tion in the presence of 2,4,6-tri-rm-butylphenol, a radical quencher, to give products coupled 
with 2,4,6-tri-rm-butylphenoxyl radical. 425 



Oxidation of the quinol ester 374 (2,3-dimethyi-l,4-naphthaienedioi monoacetate) with 
activated manganese dioxide (dichloromethane, 72 h, room temperature) gave a novel coupl¬ 
ing product, the yellow 4',6-dihydroxy-3',5-dimethyl-3,4-dihydrospiro[2H-naptho[ 1,2-6] 
pyran2',2-naphthalen-l'-one] diaacetate (375), m.p. 148-150°C in 40% yield. 426 
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In another intramolecular cyclization process involving carbon-carbon coupling, for 
example in the phenolic oxidation of the alkaloid quinolizidine 376 with active manganese 
dioxide, 416 ' 417 the intermediate oxidized product, which can be isolated, is a spiran derivative 

377 that can undergo a dienone-phenol rearrangement 412,418 to give the biphenyl derivative 

378 (alkaloid cryptopleurine). The synthesis of spiroheterocycles, e.g., the spirobenzoxazole 



(380) by oxidation with active manganese dioxide of the dihydroxydiphenylamine (379) (via 
an oxidative coupling) has recently been reported. 427 



379 380 

X = NTs Ts = 4-MeC 6 H 4 S0 2 X = 0, Y = NTs 


Manganese dioxide has been applied in several enzyme-mimicking syntheses of other 
phenolic natural products, e.g., diplocin, 428 depsidone, 429 picrolichenic acid, 430 the alkaloid 
galanthamine [via norwedine and p-hydroxy-A f -(3-hydroxy-4-methoxybenzyl)-iV-methyl- 
phenethylamine intermediate], 270,431 and in the synthesis of several morphine alkaloids 36,432 ; 
the reagent has also been used in the preparation of spirodienone [from 0-(4-hydroxy- 
phenyl )-benzoic acid], 433 l,3-benzodioxole-2-spirocyclohexanediene-4-one from 
4-(2-hydroxyphenyl)-l-naphthol 434 ; also in the oxidative dimerization of totarol to 
podototarin. 436 

Other examples of intramolecular cyclization of phenols in the presence of manganese 
dioxide are formation of fhs-spirodienone 437 or dioxepin derivatives, 438 preparation of a 
stable phenoxyl radical, 439,440 of a diradical, 441 and synthesis of a ftu-dienone (from 
5,5'-dihydroxy-2,2'-dimethylbibenzyl), 442 or oxidative coupling of mesitol. 443 

Recently Cassis and Valderrama 764 described the preparation of a variety of quinones by 
oxidation of hydroquinones with active manganese dioxide prepared by reduction of 
potassium permanganate with methanol (Table VIII). Manganese dioxide is not quite 
suitable for the preparation of highly reactive quinones such as 1,2-benzoquinone and 
1,4,5,10-anthraquinone. However, the authors 764 found that the synthesis of these quinones 
can be successfully carried out with manganese dioxide impregnated with nitric acid in 
methylene chloride solution (Table IX). 

The authors 764 also noted that the above impregnated manganese dioxide reagent has 
the capability to induce oxidative demethylation on p-methoxyphenol and 1,4-dimethoxy- 
benzene in high yield. As far as we know these are the first examples of oxidative 
demethylation of aromatic ethers with acid impregnated manganese dioxide. 
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TABLE VIII. Preparation of Benzoquinones from 
Hydroquinones Using Active MnO," 
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* Reference 764. 

” Performed by G.L.C. and/or 'H-NMR on crude product. 


TABLE IX. Quinones Prepared by Oxidation of 
Hydroquinones with Manganese Dioxide 
Impregnated with Nitric Acid" 
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TABLE X. Oxidation of 1-Naphthols with Active MnO, in Benzene Solution" 


Substrate 


OH 



OH 



OH 

5-Methoxy- 1-naphthol 
“ Reference 765. 


Product of oxidation 


O 



OH O 


Yield (%) 


60 


5-Ethoxy-3-methyl-1,4-naphthaquinone 


90 


2-Cyano-5-ethoxy-3-methyl-l,4-naphthaquinone 91 


5,8-Dimethoxy-2-methyl-1,4-naphthaquinone 80 


4,2'-Binaphthol 15 

4,4'-Binaphthol 15 

Polymerized Nil 

Polymerized Nil 


Another recent report by Kumari and Pardhasaradhi 765 described a selective oxidation 
of 3.5-disubstituted 1-naphthols to the corresponding p-quinones using active manganese 
dioxide. The authors also observed that very good yield 1,4-quinones are obtained when the 
starting phenols are 3,5-disubstituted. 

Table X summarizes some of the oxidation of 1-naphthols to 1,4-naphthoquinones 
applying active manganese dioxide in benzene solution. Recently Bruce et al. 766 reported the 
application of commercial precipitated manganese dioxide for the preparation of a broad 
range of quinones from the corresponding hydroquinones. 


3.11.2. Oxidative Polymerization of Phenols 

As shown by McNelis, 449 dimeric and polymeric products are formed on treatment of 
2,6-xylenol (381) with active manganese dioxide in neutral media (Scheme 10). The head-to- 
tail polymer (polyphenylene ether 382 n = x) is the principal product (60%-90% yield) with 
an excess of the oxide, with some 2,2',6,6'-tetramethyl-p,p'-biphenyl (383) and 
3,3',5,5'-tetramethyldiphenoquinone (384); whereas the tail-to-tail dimer 384 (60% yield) 
and trimer 382 {n= 1, 30% yield) are formed when a molar excess of 381 is used. The 
proposed 449 quinol ether mechanism (Scheme 10) for the formation of 382 or 384 involves 
the phenoxyl radicals (381a. 381b) that may couple at the oxygen atom to give (via 382a and 
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382b) a trimer 382 (n= 1) (head-to-tail) (or an oligomer chain 382, n = x), or at the para 
position to give, via 384a, a dimer 384 (tail-to-tail). However, it may be exclusively para 
coupling if steric hindrance limits reaction at an oxygen atom, for example, such as in 2,6-di- 
/-butylphenol to give, exclusively, dimer 3,3',5,5'-tetra-/-butyldiphenoquinone in 98% 
yield, 439,443 or the reaction may be conducted in a more polar solvent, for example, in 
dichloromethane, for preparation of 384 from 381. 444 

The pathway outlined 449 (Scheme 10) does not require equilibration of large or smail 
radicals, and, consequently, it is a fast reaction where one oligomer chain polymerizes at the 
expense of other chains (“ unzipping ” polymerization reaction); this mechanism is different 
from a nonclassical, electron mechanism suggested for a similar reaction. 445 

As recently pointed out by Price, 44 * in oxidation, for example, of phenol (381), with 
excess manganese dioxide there might be only one phenol coordinated on manganese (com¬ 
plex A), while for excess phenol, there might be two or more (complex B). The manganese in 
complex A, as compared to complex B, would be more “neutralized” by hydroxy groups, 
would thus be a weaker Lewis acid, and could thus more readily liberate a free phenoxyl 
radical (e.g., 381a) that would tend to form C — O coupling (e.g., 382a-* 382b). In com¬ 
plex B, the manganese would be a stronger Lewis acid and would form a stronger bond to 
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TABLE XI. Oxidative Coupling of Phenols 


Substrate 


Product 
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422 
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36 


" Supported on silica gel. 


the phenyl oxygen (complex C), would not liberate the free phenoxyl radical, and would 
therefore give C—C coupling product (e.g., 384a -» 384) (Scheme 11). 

Oxidation of 2.6-xyienoi trimer (382. n= 1) with manganese dioxide in refluxing acetic 
acid (2 h) gave 2.6-dimethyi-/?-benzoquinone (96% yield) and a small proportion of dimer 
384. The suggested 447 ionic-radical mechanism apparently involves an oxidation step, with 
the formation of the phenonium ion, followed by a homolytic cleavage via an attack by the 
acetate ion to form two phenoxyl radicals. 

Surprisingly, mesitol, on treatment with manganese dioxide in benzene, undergoes 
unusual oxidative dealkylation reaction to give a mixture of C—C and C—O coupling 
products 443 (Table XI). 443 

Organic reaction mechanisms are generally characterized by two-electron changes (e.g.. 
electron-pair processes), whether they proceed by ionic or free-radical pathways; in inorganic 
chemistry, one-electron changes (e.g., electron-transfer processes) are well established in a 
variety of redox reactions. 

Although a number of qualitative mechanisms have been proposed, there is almost no 
fundamental insight into how bonds between carbon and metals are made and broken in 
organometallic compounds: see for example. Ref. 450. 

Becker 448 has oxidized a series of 3,5-disubstituted 4-hydroxyphenyldiphenyimethanes 
385 with manganese dioxide in benzene to obtain Fuchsones 386 (a,a-diphenyl-l,4- 
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SCHEME 11 
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benzoquinonemethide); this is a convenient synthesis of important triphenylmethane dyes 
(Table XII). 

The intermediate phenoxyl radical from 385 can be trapped with the 2,4,6-tri-r- 
butylphenoxyi radical to give a dimer (a quinoi ether). 439 

The manganese dioxide oxidation of the sulfone 387 afforded 2,6-di-im-butyi-7-phenyI- 
7-phenyisulfonyiquinone methide (388) (73% yield). 451 Similar quinone methide was 
obtained by oxidation with the reagent of 2,6-diethyi-4-benzhydrophenol. 452 

Oxidation of 2,4,6-tri-r-butylphenol (389) with manganese dioxide in benzene 439 gives a 
deep-blue 453 resonance-stabilized phenoxyl radical (389a 389b «-► 389c); this radical can 
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attack other radicals, or easily dissociated molecules, to form cyclohexadienones or aryl 
ethers, e.g., a dimeric product 390. However, when the oxidation of 389 has been performed 
in the presence of other phenols, dienone phenyl ethers 391 are formed (Scheme 12) 
(Table XIII) in high yields. 439 ’ 448 Similar products have also been isolated from the oxidation 
of 4-bromo-2,6-di-/-butylphenoI and pentachlorophenol. 439 

In a recent study of nonphenol oxidative coupling of benzylisoquinolines (required for a 
synthesis of alkaloids dibenzazonine and appophine), Kupchan and co-workers 454,455 have 
oxidized with active manganese dioxide a series of Af-bridged dienol intermediates; e.g., con¬ 
version of A'-methyldienol into 0-methylflavinantine (29% yield) 454 and conversion of a 
mixture of the epimeric (± )-0-methylsalutaridinols into (± )-0-methylsalutaridine (MnO,, 
CHC1 3 , 60% yield) 455 (compare oxidation of alkaloid tazzetine. Refs. 281-283). 


3.12. Benzilic Acid Type Rearrangements 

The oxidative, ring contraction (transformation of a hydroxy- or oxo-hydroxy-benzene 
of the oxo-hydroxy-dihydrobenzene compounds into oxo-cyclopentane derivatives) can be 
effected by means of active manganese dioxide in chloroform, 456 acetone, 168 or aqueous 30 
reaction media. 

Transformation of hexahydroxybenzene 392 (or its oxidation products, e.g., 
tetrahydroxy-p-benzoquinone, rhodizonac acid, or triquinolyl) 30 into croconic acid 393 in 
68%-75% yield requires an alkaline medium and a special type of active manganese 
dioxide. 30 Possible chemical transformations 44 of 392 into 393 are shown in Scheme 13; this 
conversion may involve the manganese ester intermediate 392a, an oxidation process to give 
intermediates 392b and 392c, and benzilic acid-type (or a-oxoalcohol type) of 
rearrangements 457-458 of intermediates 392d and 392e, to give via carbonium ion 392f, 


SCHEME 12 
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TABLE XIII. Preparation of Cyclohexadienonyl 
Phenyl Ethers (391 Scheme 12)“ 


R 

Yield (%) 

Reference 


73 

439 

Cl 

93 

439 

C! Cl 

ci'ri 

90 

439 


86 

439 


91 

439 

-©-<hD 

82 

439 


71 

439 

Q-co-ch 2 -o^Q~ 

87 

439 

HjC CH, 

cH chh S" 

‘ H jCCTCj 

85 

448 

<q> 




75 

448 

■ p 

62 

448 


' Some additional examples of oxidative coupling of phenols are summarized in 
Table XI. 


product 393. Steps from 392a to 392c can be reconciled by invoking radical participation. 
Thus, conversion of 392 into 393 by manganese dioxide presumably proceeds by a concerted 
mechanism involving ionic and free-radical pathways. 44 


3.12.1. Oxidative Ring Contraction of Carotenoid Dios phenols 

An interesting oxidative rearrangement has been observed with the carotenoid 
diosphenol. Treatment of 394 (15,15'-dehydro-/?-carotene-3,4-dione) with manganese dioxide 
in acetone at 20°C gave the purple cyclopentanedione 395. Carotenoids with end groups 
corresponding to those of 394a have been isolated. 107 Similarly carotenoid diosphenol (396) 
was converted into the 2-nor-carotenoid (397) (30% yield) via a ring contraction 459 
(Scheme 14). 
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SCHEME 13 



3.12.2. Oxidative Ring Contraction of Steroids 

The foregoing reaction pathway is substantiated by the results of an earlier report 456 
describing the conversion of the trihydroxysteroid 398 by manganese dioxide in chloroform 
(under unusually mild conditions) into the cyclopentanedione derivative 399. The following 


SCHEME 14 
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SCHEME 15 




sequence 398a -»398d has been proposed 456 to explain the formation of 399 and 400 
(Scheme 15). By a similar mechanism, on treatment with manganese dioxide the steroid oxo- 
diols of type 401 also undergo ring contraction, to give 402. 460 ' 461 . This reaction pathway is 
probably typical for manganese dioxide oxidation; consequently, ring-contraction 
rearrangements can be expected with all other polyhydroxy or polyoxo ring systems. 


O 




The oxidation of the indole derivative 403 with manganese dioxide to give the isatin 
derivative 405 462 apparently involves an oxidative rearrangement similar to that of the ben- 
zilic acid type; the loss of the methylene side chain and isolation of the trione 404 constitute 
supporting evidence; in addition, the efficiency of the aged and the freshly prepared reagent 
may be noted. 


O 



4. DEHYDROGENATION AND OXIDATIVE AROMATIZATION 
4.1. Dehydrogenation 

Introduction of a double bond, referred to as a dehydrogenation process, 463 can proceed 
either by hydride ion abstraction (an ionic mechanism) or abstraction of a hydrogen atom or 
an electron (a free-radical mechanism). Hydrogen can be removed from the saturated com- 
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pounds either catalytically or chemically. Catalytic dehydrogenation over a metal catalyst 
(e.g., Pt, Pd, Mo 0 3 /A1 2 0 3 , etc.) is extensively used in industry (e.g., conversion of straight or 
branched alkanes into aromatic hydrocrbons), whereas chemical dehydrogenation (e.g., by 
use of sulfur, selenium, bromine, high-potential quinones, 464 e.g., DDQ, chloranil, also 
Pb(OAc)„, SeO,, or Hg(OAc) 2 , etc.) can have both industrial and laboratory application. 

In the series of chemical dehydrogenating agents, manganese dioxide is also known as a 
selective dehydrogenating agent 465 particularly noted for its unexpected dehydrogenation 
(and even aromatization) of steroids, 21 e.g., introduction of a carbon-carbon double bond 
adjacent (alpha, beta) to the steroid carbonyl group or in position allylic to it (gamma, delta 
to an alpha, beta unsaturated carbonyl group) (Section 1). The high redox potential of 
manganese dioxide (Section 3.2) permits many dehydrogenation and aromatization reac¬ 
tions. Stereoelectronic effects apparently influence the rate of dehydrogenation; generally, a 
trans elimination of two hydrogen atoms is a process energetically more favorable than cis 
elimination; similarly, dehydrogenation of the ketosteroids by manganese dioxide proceeds 
stereoselectively with the preferential loss of the axial hydrogen atom. 

Literature reports are numerous on the application of active manganese dioxide as a 
selective dehydrogenating reagent. In addition to examples mentioned earlier in the text 
(compounds 234, 237, 244, 353), a partial list of dehydrogenations by the reagent in the car- 
bocyclic series includes a bicyclic compound (to give a 5,6,7,8-tetralin derivative), 466 conver¬ 
sion of 2,3-dihydro-1,4-dioxonaphthalene into 1,4-dioxonaphthalene (72% yield, 
MnOj/ethyl acetate/acetonitrile, under reflux for 3 h) 318 or dehydrogenation of oxygen 
heterocyclics, natural products dolineone or nepsidine 466 or leucomycin A-, 400 ' 467 or dl-4’-0- 
methylcoclaurin (a phenolic isoquinoline alkaloid). 468 The dehydrogenation of nitrogen 
heterocyclics with manganese dioxide is widely used; the procedure, for example, has been 
successfully applied to converting 1,2,3,4-tetrahydroquinoline into quinoline, 60 2,3-dihydro- 
indole into indole, 60 acridane into acridine, 60 pyrroline into dihydropyrrazoline, 24 
4,5-dihydro-l,2-oxazole into 1,2-oxazole, 38 or indolines, 60 ' 469 470 imidazolines, 471 
benzimidazolines, 472,473 anthraquinoneimidazolines, 474 and pyrazolines 475-477 into the 
corresponding indoles, imidazoles, and pyrazoles; also to produce pyrroles, 478,479 
carbazoles, 480 quinazolines (e.g., conversion of 1,2,3,4-tetrahydroquinazoline into the 
2,3-dihydroderivative), 481 diazepines, 482 and thiazoles 483 from the corresponding hydro com¬ 
pounds. 


4.1.1. Dehydrogenation at Carbon or Carbon-Hetero Atom 

Active y-Mn0 2 , 37 as described in Ref. 19 (see also Section 1.1.4), has recently been 
found 38 to be the only oxidant examined that is suitable for quantitative conversion of 
4,5-dihydro- 1,2-oxazoles (406) into 1,2-oxazoles (407) (98%-100% yield). The experimental 
simplicity and lack of by-products recommend the present method for the conversion of both 
alkyl and aryl 3,5-disubstituted 4,5-dihydro-l,2-oxazoles into 1,2-oxazoles. Moreover, the 
essentially neutral conditions involved can be tolerated by several functions and protective 
groups, thus making this procedure a useful synthetically transformation. 



R\ R 3 = alkyl, aryl, COOMe 
R 2 = H, N0 2 


Hyatt and Krutak 484 described an unusual manganese dioxide oxidation of 2-amino- 
ethanesulfonyl fluorides. For example, /Tfluorosulfonylethylamines, e.g., 408 were 
dehydrogenated by active manganese dioxide to afford novel 2-aminoethenesulfonyl fluorides 
(409) (33%-96%). Whereas the indole derivative 411 could be prepared from indoline 410 
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by using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) or palladium on carbon, the 
reaction of 410 with active MnO, afforded a new compound 412, which was isomeric with 


411. 


R'R 2 NCH 2 CH,SO : F 

408 


MnQ, 

CHCI, 


R‘R 2 NCH=CHSO,F 

m 33%-96% 



so 2 f 


Similar dehydrogenation of the a-pyron side-chain alkane group following treatment 
with manganese dioxide has recently been reported. 485 

A new, rapid procedure for dehydrogenating 413 (2,3,5,6-tetrahydro-l,4-dicyano- 
methylenecyclohexane) to 414 (7,7,8,8-tetracyanoquinonedimethane, TCNQ) 486 was 
developed in this laboratory by application of active manganese dioxide in warm toluene. 318 
Although the conversion of 413 into 414 was moderate (50%-60% yield), the procedure is 
rapid compared to other methods. 487-488 Moreover, the procedure can be a useful diagnostic 
test for detection of small concentrations of 413 in mixtures (by TLC, NMR, or visible spec¬ 
trum of the yellow-orange solution due to 414). The relative stability of the cyano groups in 
413 and 414 against attack by manganese dioxide (e.g., no amide formation) should be 
noted. Similar oxidation of p-phenylenedimalononitrile 487 (with manganese dioxide in warm 
toluene), produced 414 in 80% yield. 318 

NC CN 

V/ 

MnO,/C,H,-CH„ HO C. 15 min 


NC 7 V CN 

413 

As recently shown by Rapoport eta/., 750 dehydrogenation of 1,2,3,4-tetrahydro- 
isoquinoline (415) with active manganese dioxide depends very much on a solvent used. 
Thus, oxidation of 415 with Mn0 2 in benzene led predominately to the fully aromatized 
8-methoxyisoquinoline (416); with dichloromethane as solvent, oxidation was more selective, 


Q3h 

CHjO 

415 





50%-60% 
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MeO : C 


OMe 

Vl 

'^V^'Me 

OH OMe 
418 


I TsOH-PhH.SO C 
2. MnO.-PhH. 20 C 


OMe 



OMe 

419 


and the dihydroisoquinoline (417) was the major product. Similarly, dehydrogenation of 418 
(MnO,, benzene, 20°C) gave the naphthalene 419 in 77% yield. 751 Recently active 
manganese dioxide proved to be the reagent of choice to effect an oxidative aromatization 
(e.g., dehydrogenation) of carbocyclic 767 and heterocyclic 768,769 systems, e.g., conversions 
420 -+ 421, 767 422 -»423 768 (using manganese dioxide on activated carbon), and 424 -> 425. 769 
Some additional dehydrogenation reactions using manganese dioxide are depicted 
below 470 - 472 - 473 ' 490-494 


O 



O R 
420 


active MnO; 
60% 


O R 
421 



N 



N 

> 

H,C 


CH 3 


MnO, 


N 

H 3 C 



VCH, 


(Ref. 473) 


R‘-C-CHCH,NHOH —^7° , 
II 

NOH 


R 2 

R VS 

O-N^N. 


'OH 


D 1 

MnO. 

N 

O*" ' 


(Ref. 490) 


"O 
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20%-25"/. 


428 


was not affected by the oxidant. Surprising results have been observed in dehydrogenation of 
dihydrobenzodiazepines with ordinary and activated manganese dioxide. Whereas treatment 
of 7-chloro-5-phenyl-2,3-dihydro-lH-l,4-benzodiazepine (431) with ordinary manganese 
dioxide gave benzodiazepine (432) (64% yield) and the dimer 433 (14% yield), treatment of 
431 with the activated reagent gave an elimination and aromatization compound 434 
(6-chloro-4-phenylquinazoline), in 10% yield, as the only product isolated. 495 

The final step in a total synthesis of the ergot alkaloid <f/-isosetoclavine involved 
dehydrogenation; this step was carried out in 36% yield by means of activated manganese 
dioxide in chloroform at 25°C. 496 



New, 1,4-benzodiazepines have been conveniently prepared by dehydrogenation of the 
corresponding dihydro-compounds with active manganese dioxide. Thus, the amine (435; 
R = H, 8-chloro-5,6-dihydro-6-phenyl-4H-v-triazolo[1.5-o][l,4]benzodiazepine) on treat¬ 
ment with manganese dioxide in refluxing dichloromethane (2 h) gave a mixture of two 
products (separated by column chromatography), the 6H-isomer 436 (8-chloro-6-phenyl-6H- 
v-triazolo[l,5-a][l,4]benzodiazepine in 30% yield and more polar 4H-isomer 437 
(8-chloro-6-phenyl-4H-v-triazolo[l,5-a][ 1,4]benzodiazepine) in 28% yield. Similarly 435 
(R = CH 3 ) was oxidized and the resulting two compounds separated. 497 

Dehydrogenation of the 8-aza steroid intermediate 438 [ iV-(/i-3,4-dimethoxyphenethyl )- 
l,2,3,4,5,6,7,8-octahydroquinoline-2,5-dione] was effected with manganese dioxide in 
dichloromethane at room temperature to give 439 [ N-( /?-3,4-dimethoxyphenethyl)- 
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b R = CH, 


MnO,/CH,CI,.V.’h 


Cl 



N f 

N 
C„H, 


436«(30%) 
b( 22%) 


N' ,VR 

+ { 1 ) 

C1^^Y N 

QH 5 


437«(28%) 

b(42%) 


l,2,5,6,7,8-hexahydroquinoline-2,5-dione] in 40% yield. 498 Additional dehydrogenation that 
include intramolecular cyclization reactions will be presented in discussion of amines and 
hydrazines (Section 5). 



4.2. Oxidative Aromatization 


Solid manganese dioxide has a high oxidation potential (£ 0 = 1.23 V) 18 ' 499 ' 500 ; in acid 
solution, it is a strong oxidant [Mn(IV) couple, E 0 = 1.57 V] 18,500 ; however, in neutral 
medium, it is only a mild oxidizing agent, and in alkaline solution, its potential 499 is close to 
zero [Mn(IV)/Mn(II)£ 2 = —0.05 V]. Thermodynamically, manganese(IV) could be both a 
very powerful, two-equivalent oxidant and a vigorous, one-electron oxidant. 501 Although the 
oxidation potential of manganese dioxide is high, it is generally a mild oxidizing agent under 
neutral conditions, seldom effecting aromatization reactions. 465 However, the oxidation 
potential of the reagent also permits many dehydrogenation reactions, and even complete 
aromatization of many saturated ring systems [to give systems containing (4n + 2)n 
electrons]. 502 

Aromatization effected by manganese dioxide has been observed for a variety of car- 
bocyclic and heterocyclic compounds; these include substituted cyclohexenes, 503 
dihydrobenzenes, 466 ' 504 ' 505 steroids, 261 carbazoles, 480 ' 506 a bicyclic alcohol (conversion 
2 -»5), 73 and acyclic acetylene derivates. 203 A mixture of cis- and tra/is-2-methylcyclohexene- 
3-carbaldehydes (440 and 441, respectively) but not esters, and an excess of activated 
manganese dioxide, refluxed in benzene under anaerobic conditions, gave o-tolualdehyde 
(442) in 69% yield; similarly, 4-acetylcyclohexene is oxidized to acetophenone in 71% yield; 
a slight kinetic preference for aromatization of the cis isomer 440 has been noted. 503 



440 



MnO,/C«H t .V 


CH 


^CHO 
3 69% 


442 


An example of oxidative aromatization of an ester is the conversion of 443 by active 
manganese dioxide (ACC) to give 444 [recovered, after hydrolysis, as 445 (5,6,7,8-tetra- 
hydro-1-naphthoic acid)]. 506 The variable activity of manganese dioxide may give unexpec¬ 
ted products on oxidation. Thus, treatment of 3-methoxy-2,5( 10), 15-estratrien- 17/?-ol (446) 
with a two-year-old sample of active manganese dioxide have the 17-dione 447, whereas fresh 
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COOC.H, 



COOC\ H , 


72% 


CO,H 


445 


reagent caused aromatization of ring A, to give 448 (3-methoxy-l,3,5(IO)-estratetraen-17- 
one) in addition to 447. 261 

An unusual aromatization of an acetylenic alcohol has been reported by Sasaki and 
Suzuki. 203 Treatment of l-(2-furyl)-l-hydroxyprop-2-yne (449; R = H) with active manganese 
dioxide (ACC) gave expected ethynyl ketone 450 (R = H, 5% yield) and the unexpected, 
symmetrical, trisubstituted benzene derivative 451 (R = H, 20%, yellow crystals); this is an 
example of heteroaromaticity as the result of an oxidative cyclization of the acetylenic 
alcohol 449. 203 However, similar oxidation of the substituted alcohol 449 (R = Br) gave the 
keto derivative 450 (R = Br) as the only product. 175 


H,CO 



446 




mal polymerization of acetylene to benzene, 502 and the aromatization of the dipotassium salt 
of dihydroxyacetylene to the hexapotassium salt of hexahydroxybenzene, 507 ' 508 a precursor of 
the aromatic oxocarbons. 509 

An interesting stereospecific aromatization that involves an organoiron complex has 
recently been observed. Thus, manganese dioxide removes the tricarbonyliron group from its 
complex with 1-methoxycyclohexa-1,3-diene (452) to give anisole (453) whereas the isomeric 
complex 454 (2-methoxycyciohexa-l,3-dienetricarbonyliron) remains unaffected following 
treatment with the oxidant. 

However, tricarbonylcyciohexadienyiironcarbonium tetrafluoroborate (455) after suc¬ 
cessive treatment with a /J-diketone (e.g., acetylacetone) and manganese dioxide, cyclizes 
stereospecifically to give 456 (3-acetyl-m-6-methoxy-2-methyl-3a,7a-dihydro- 
benzofurantricarbonyliron) in 90% yield. 510 The oxidative cyclization reaction, as 
suggested, 510 may be a concerted attack by the enol hydroxyl and may proceed with the 
transfer of the endo C—H electrons to the oxidizing agent via iron. 
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SCHEME 16 


H. .OH 



MnO'-heuiie 



V 


+ co 


Manganese dioxide dehydrogenations (and aromatizations) are subject to fewer com¬ 
petitive side-reactions than those accomplished by selenium dioxide. 465 or by the Oppenauer 
type of reaction. Among compounds aromatized by the manganese dioxide treatment are 


OCH, 


(CO),Fe 


MnQ,/C,H > .80 C. 2 h 


OCH 


5 


452 


H,CO 

(CO)jFe 



454 


MnO. 


453 

no reaction 


(COhFe 



455 


I. <H,C-C0),CH,/C,H,0H/H.0.78'C 
2 MnO./C.H.. 80 C. 2 h 


HjCO. 

(CO) 3 Fe 


H 


CH, 


H CO-CH, 

456 


6 -methyI-3-(/7-tolyI)-3,4-dihydroquinazoline, 481 1,2,3,4-tetrahydroquinoline. 2,3-dihydro- 
indole, acridane, 60 and other dehydroheterocyclics. 283 ' 466 ' 468 495 ' 511512 

Vogel and co-workers 512 in their comprehensive study of chemistry of a novel 10^-elec- 
tron annulene system (e.g., 1,6-methanocyclodecapentaene) observed an unusual type of 
aromatic isomerization, for example, in an attempted preparation of a ketone (e.g., 11-oxo- 
1 ,6-methanocyclodecapentaene) by oxidation of the corresponding annulene alcohol with 
manganese dioxide. The observed products were naphthalene and carbon monoxide arising 


TABLE XIV. Manganese Dioxide-Induced Aromatization 


Substrate 

Product 

Reaction conditions 

Yield (%) 

Reference 
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Mn0 2 /C 6 H 4 /N 2 
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503 
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via cheietropic fragmentation of the intermediate ketone. The reaction products were also 
accompanied by some a-naphthaldehvde (which is isomeric with the above ketone). The 
indicated (Scheme 16) four-electron process is symmetry allowed to occur thermally via a 
concerted, nonlinear, cheietropic process. The thermodynamic stability of the products, 
naphthalene and carbon monoxide, provides ample driving force the concerted decar- 
bonylation process. Some other exampes examples of aromatization are shown in Table XIV. 


5. HYDROCARBONS 

5.1. Some Chemical Applications of Precipitated Manganese Dioxide in Acid Media (e.g., 
Oxidation of Conjugated CH 3 —, CH 2 —, and =CH— Groups) 


5.1.1. Aromatic Systems 

An early application of natural manganese dioxide, pyrolusite, more than 100 years ago, 
was either in acid media (strong mineral acids or acetic acid) or in an alkaline suspension, 
often with application of heat, and generally involving the oxidation of compounds having 
stable nuclei (e.g., aromatic compounds). 

In 1835, Liebig 513 first converted ethanol into acetaldehyde by use of pyrolusite and 
precipitated manganese dioxide “Braunstein" in sulfuric acid, and Nietzki 514 used the reagent 
for oxidation of hydroxy aromatics in an alkaline medium. Bohn 515 in 1888, discovered that 
hydroxy groups can be introduced into anthraquinone by use of fuming sulfuric acid and 
manganese dioxide; in this way, the quinalizarin dye Violet blue (457) was converted into the 
important Alizarin Cyanin R (blue) (458) in high yield. 
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Another example of a similar hydroxylation of the aromatic ring by manganese dioxide 
in acid media is the conversion of l,4-dihydroxy-2-anthraquinonecarboxylic acid (459) into 
l,2,4-trihydroxy-3-anthraquinonecarboxylic acid (460) in good yield. 516 However, the 
oxidation 517 of 2-methyl-wero-benzanthrone (461) with manganese dioxide in sulfuric acid at 
0-5°C gave the coupling product 2,2'-dimethyl-3,3'-bibenzanthryl-7,7'-dione (462) in 78% 
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yield, whereas in alkaline medium containing D-glucose, the product was 16,17-dimethyl- 
violanthrone (463); this is an oxidative coupling with ring closure. 

The reaction medium is very important in the oxidation of hydrocarbons. For example, 
the oxidation of 7.12-dimethyl benz[a]-anthracene (464) with manganese dioxide in a 
neutral medium gave 7,12-quinone (465). whereas similar oxidation in sulfuric acid yielded 
7-methyl-12-formyl benz[a]anthracene (466). 518 



The Oxidation of Organic Compounds by Active Manganese Dioxide 


199 


MnO.H.SO, 



H,C CH, 

462 




466 


An early procedure 519 that constitutes a quick route to toluquinone consists in steam 
distillation of a mixture of otoluidine, precipitated manganese dioxide, and sulfuric acid. The 
reagent has also been used to oxidize hydroquinone (quinol) to p-benzoquinone, 520 to 
oxidize 521 pyrtdoxamine 5'-phosphate to pyridoxal 5'-phosphate (a most important form of 
vitamin B 6 ), to convert 2-furaldehyde (with manganese dioxide/concentrated hydrochloride 
acid) into 522 mucochloric acid (via a /J-chloro-y-hydroxylactone intermediate), 523 for com¬ 
mercial manufacture of p-benzoquinone (aniline/manganese dioxide/sulfuric acid 524 325 ), and 
for preparation of pyridoxal-p-toluidine SchifT base. 526 Manganese dioxide in acid medium 
has also been applied for the conversion of methyl- and ethylbenzene to the corresponding 
benzaldehyde and acetophenone 527 and in oxidation of similar systems (e.g., alcohols, 
phenols, and amines). 528-533 


5.1.2. Other Systems 

Kinetics of the oxidation of the aliphatic acids by manganese dioxide in an acid medium 
have been studied 534 ; the oxidation of malic acid proceeds at a lower rate than the 
corresponding reaction with oxalic acid, 535 and both are faster than that of malonic acid. 536 
Malic and tartaric acids 537 showed an induction period in similar oxidations. It is believed 
that the rate-controlling step in these oxidations is the dissolution of the solid. 3 

An interesting procedure for preparation of dicarboxylic acids involves cleavage of a car¬ 
bon-carbon bond in cyclic hydroperoxides. Thus, tetralin-a-hydroperoxide (467) was added 
dropwise at 15-20°C to a stirred mixture of the calculated amount of manganese dioxide and 
70°C sulfuric acid containing a little copper(II) or cobalt(II) acetate to prevent tar for¬ 
mation; after stirring for 10-40 h, tetralic acid (468) was isolated in 70% yield. 538 

Manganese dioxide (along with other oxidants) promotes the oxidation (e.g., 
hydroxylation) of ethylene by palladium) II) acetate in acetic acid to give 1,2-disubstituted 
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MnO,/70% H,SOOO. 
Co'*. 20 C. 10-40 h 


OOH 

467 



00 


CO,H 
CO-.H 


70% 


468 


alkanes, e.g., ethylene glycol mono- and diacetate . 539 The reagent has also been applied for 
oxidation of palladium dichloride/alkene complexes, in a novel method for synthesis of 
a,/J-unsaturated aldehydes and ketones . 540 


5.2. Oxidation of Conjugated CH 3 -, CH 2 ~, and =CH- Groups by Manganese Dioxide 
in Neutral Media 

A direct oxidation of methylene or methine groups (in cyclic and acyclic compounds) by 
active manganese dioxide in a neutral organic solvent to give either hydroxyl, carbonyl, or 
ether derivatives has been demonstrated on several occasions in this survey, e.g., conversions 
of 2->3-»4, 73 of 249~*250 266 or conversions of 2-butanone into 2,3-butanedione 329 
[Eq. (12)], of isobutene into 2-methylacrolein 15 ’ 540 [Eq. (13)], also of oxidation of pyrene to 
give a mixture of 1 , 6 - and 1 , 8 -pyrenediones . 44 and further a conversion of codeine into 
14-hydroxycodeine, 271 ' 287 of cyclohexene into cyclohexanone , 541 or of the ailylic methylene 
group in the vitamin A, series into the keto derivatives . 3I5 ’ 50 "' 542 

o o o 

II MnOi II II 

H 3 C-CH 2 -C-CH 3 -^ H 3 C-C-C-CH 3 (12) 

52% 

ch 3 ch 3 

H 2 C = C-CH 3 -^i. H 2 C = C—CHO (13) 


As shown in Section 5.1, oxidation of aromatic compounds with manganese dioxide in 
acid medium has been extensively studied; however, use of the reagent in neutral medium for 
oxidation of aromatic hydrocarbons (e.g., activated methylene group) is still of limited scope. 
Pratt and Suskind 59 studied the oxidation of a series of diarylmethanes by active manganese 
dioxide; the authors 59 demonstrated that the same hydrocarbon could form different 
products under different oxidizing conditions. Thus, when, for example, diphenylmethane 
(Table XI) was treated with manganese dioxide in a refluxing mixture of benzene and 
biphenyl, the major product was the coupling compounds, tetrahenylethane (81% yield) 
with some elimination by-product, tetraphenylethyiene (15%—20%). However, when this 
hydrocarbon was heated directly with an excess of the oxidant (ratio 1 : 10 ) in the absence of 
solvent, benzophenone was the main reaction product (74% yield. Table XIV); a free-radical 
intermediate was suggested for the formation of the coupling product. The authors 59 found it 
to be a general reaction with all symmetrical and unsymmetrical diarylmethanes; the rate of 
the reaction and the yield of tetraarylethanes depend on the electronic properties of the 
phenyl ring substituents (compare the effect of the electron-donating and electron-withdraw¬ 
ing groups on the yield of coupling product, summarized in Table XV). Formation of ben¬ 
zophenone was also explained 59 by a free-radical mechanism, e.g., as due to an attack of the 
hydroxyl radicals derived from the hydrated manganese dioxide on the diphenylmethane 
radical (to give a diarylmethanol intermediate). This was explained by the fact that, when 
manganese dioxide was first dehydrated by being refluxed with toluene, and diphenyl¬ 
methane was treated with this oxidant, the yield of benzophenone decreased from 74 % to 
2%. 59 
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TABLE XV. 

R's 

CH, - 

/ 

R 2 


Oxidation of Diarylmethanes" 

R's xR' R, 

CH-CH and/or C = 0 

„ ,/ N X 


R‘ 

R 2 

Reaction 

time 6 

(min) 

Yield (%) 
of tetra¬ 
arylethane' 

Yield (%) 
of diaryl 
ketone J 

<0^ 

<0^ 

75 

81 

74 

€H> 

<0h0^ 

40 

92 

26 

C1 ^> 


54 

74 

83 



215 

25 

0 

@6 

©6 

244 

63 

29 


h,co-(Q^ 

350 

17 

73 

CK> 


47 

70 

76 

©6 

©- 

63 

70 

71 


<0^ 

65 

81 

63 

H - c -^ 

<0^ 

395 

10 

0 



1310 

3 

29 


o : n^0>- 

— 

18' 

— 


O- 

6 

78 

72 

Q- 

©^ 

280 

0 

49 

QUO 


— 

16' 

80 

©c© 


— 

36' 

— 


- Reference 59. 

'‘Time required to collect 50% of the water in a Dean-Stark water collector. 

‘ Standard tetraarylethane conditions: 0.1 mol of diarylethane. 0.3 mol of MnO : , 238 g of biphenyl, and 12 g of benzene 
are magnetically stirred, while distilling ofT the water at -211’C. 

J Standard diaryl ketone conditions: l g of diarylmethane and 10 g of MnO ; are heated in the absence of any solvent 
at — 125 0 C for 6 h. 

Tetraaryiethylene is formed as a side product in this reaction. 
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5.2.1. Oxidation of Heteroaromatic Rings. Loss of Aromaticity 

An interesting oxygen insertion has been reported in the oxidation of certain 
heterocyclic salts. When selenoxanthylium perchlorate (469) was briefly refluxed with active 
manganese dioxide in acetonitrile, selenoxanthone (470) was obtained in quantitative 
yield . 543 



Many other heterocyclic salts were converted into carbonyl compounds in this way 
[e.g., chromylium perchlorate to coumarin (93%), xanthylium perchlorate to xanthane 
(90%), thiaxanthylium to thiaxanthone (96% ) 543 ]. Direct oxidation by active manganese 
dioxide of alkyl groups attached to heterocyclic ring-systems, for example, in quinaldine. 
lepidine. a- and y-picoline, and 1 -methylisoquinoline to the corresponding carboxylic acid, 
has been described . 480 


5.2.2. Oxidation of Alkyl Ferrocenes and Bridged Ferrocenes 

Alkyl ferrocenes are more labile toward manganese dioxide as compared to their 
aromatic alkyl analogs. A methylene group in diferrocenes, for example, undergoes facile 
oxidation with manganese dioxide under mild conditions to give carbonyl derivatives 544 
[Eqs. (14)—(16)3- 


O 

II 


FV-CH 2 Fc -► 

2 72% 

Fc-C-Fc 

(14) 

o 

II 

o o 


Fe-CHi-C-Fc -g^ 

Fc — C — C — Fc 

(15) 

O 

O O 


Fc-CH 2 -C^> -5js- 


(16) 


Fe 


Oxidation of the aromatic analogs with manganese dioxide generally requires a higher 
temperature. In a new example , 3 ' 8 treatment of deoxybenzoin (471) with manganese dioxide 
in refluxing chloroform (or methylcyclohexane) for 3 h gave dibenzoyldiphenylethane (472) 
in 60% yield, m.p. 254-255°C, lit . 545 m.p. 255°C, ‘H-NMR (DMSO-d 6 ): <5 = 6 ppm (C - H). 

Some elimination by-product, yellow dibenzoyldiphenylethyiene (473), 5%—15% yield) 
and a trace of benzil (474) separated on a fluorisil column with 3:2 (v/v) chloroform/hexane. 
Formation of the coupling products (472) and (473) can be explained by invoking a free- 
radical intermediate. Thus, little formation of benzil has been observed following treatment 
of deoxybenzoin with manganese dioxide, and, in contrast, no coupling product has been 
reported from a similar oxidation of diferrocenylmethane. 

In another example 313 treatment of 1,3-dioxoindane with manganese dioxide in refluxing 
acetonitrile for 3-4 h followed by concentration of the resultant red solution, gave a mixture 
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O I' 

_ It MnO./CHCI V ?k ^-6^5 ^ CH 

4C 6 H 5 —CHi — C —C 6 H< ’ , I 

C 6 H 5 -C-CH-C 6 H 5 

471 O 472 6 


C 6 H 5 -C-C-C 6 H 5 

c 6 h 5 -c-c-c 6 h 5 

o 

473 


Q-t-t-Q 


from which at least two high melting components were isolated after chromatography [mass 
spectrum, M®m/e = 275 (100%); M®m/e = 360 (100%); m/e 404 (10%)]. The formation of 
the expected trioxoindane was not observed. Extension of this oxidative coupling procedure 
to other systems containing labile (activated) methylene groups could constitute a useful syn¬ 
thetic method. 

An unusual activation of a methylene group in certain alkyl ferrocenes was observed in 
earlier studies on ferrocenes; this included oxidation of (475) (R = H, CH 3 ) to 476 
(R = H, CHj) 546 and conversion (with elimination) of 477 (R = H, CH 3 ) into 478 
(R = H, CH 3 ). 544 54< 


®- CH ’- R m».».c ^r c - R 

Fe -—-► Fe 

ch 3 -r ch 2 - 


Fe Vt“H Mno ; /c ? H,as-i2h t p e 




@>° 


Activation of the methylene group by the ferrocene ring 547 is further shown in oxidation 
by manganese dioxide of a series of interesting methylene-bridged ferrocenes. A direct con¬ 
version of methylene group, for example, in ferrocenophane (479; R = H, C 6 H 5 ) into 
ferrocenophan-1 -one (480; R = H, C 6 H 5 ) in 73% yield, following treatment with manganese 
dioxide, was suggested 548,549 to involve a free-radical pathway having a ferrocenophan-l-ol 
as the reaction intermediate. 


O 



479 480 


Similarly, ferrocenophane (481) was oxidized to a keto derivative (482) in 60% yield. 549 
However, when the methylene bridge in ferrocenophanes contained a substituent, oxidation 
with manganese dioxide usually gave a mixture of isomeric products. Thus, treatment of 
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2-(chloromethyl)-ferrocenophane (483; R = CH : C1) with the oxidant produced an isomeric 
mixture of 2-(chloromethyl)-ferrocenophan-l-ones(4-isomer 484 and 2-isomer 485 in 24% 
and 44% yield, respectively). 549 Similar oxidation of ferrocenophane having an ether group 
substituent 483 (R = CH 2 OC 2 H 5 ) gave a mixture of 484 (R = CH 2 OC 2 H 5 ) and 485 
(R = CH 2 OC 2 H 5 ) in 6% and 37% yield, respectively. 550 



b R =CH 2 OC 2 H 5 484»,b 485*,b 

Thus far. examples have been cited on the direct attack by manganese dioxide on 
— CH,, CH 2 —, and =CH— groups. However, oxidation of an isolated acetylenic 
methine group (= C - H) by the reagent in a neutral medium is rare, although it is known 
that the acetylenic hydrogen atom (e.g., in RC = CH, R = alkyl) is acidic and susceptible to 
oxidation [e.g., monoalkyl acetylenes react with oxygen in the presence of base and 
copper(I) salts to give conjugated diacetylenes (1,3-diynes)]; for the thermodynamic reasons 
for the above oxidation by manganese dioxide, see more in Ref. 551. Note also that —CH 2 — 
or =CH— groups are most reactive toward manganese dioxide oxidation (usually by a 
radical mechanism), and these groups, in regard to their acidity and electronegativity, are in 
the middle of the series — CH 3 -> =CH 2 -+ =CH 2 -* =CH (where acidity arises from the 
increasing electronegativity of carbon as its hybridization changes from sp 3 -* sp 2 -» sp'). A 
partial analogy can be envisaged in the oxidation (e.g., an oxygen transfer) of aromatic 
hydrocarbons to quinones by manganese dioxide with the metabolic hydroxylation of 
polycylic aromatic hydrocarbons, probably catalyzed by trace metals present in the 
biological systems (to give arene oxides and hydroxy aromatics). 552 


6. AMINES AND HYDRAZINES 


6.1. Amines 

In a series of reagents used in the oxidation of amines, e.g., alkyl-substituted amines and 
various derivatives of amines [e.g., hydroxylamines, hydrazones, and bis(hydrazones)], 
active manganese dioxide has achieved a prominent place, followed by silver oxide, mercuric 
oxide, nickel peroxide, and other solid oxidants. The general oxidation of organic nitrogen 
compounds has recently been reviewed by Boyer. 553 

The manganese dioxide oxidation of nitrogen-containing compounds has been 
reviewed, 1718,20 and mechanistic aspects 554 in relation to wet oxidants 554-556 have been dis¬ 
cussed. 

The susceptibility of an amine to oxidation is attributable to the availability of the 
unshared pair of electrons on the nitrogen atom. Oxidation of a primary amine with 
manganese dioxide may initially involve the transfer of one or both electrons to the oxidant, 
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followed by elimination of a proton, e.g., oxidative coupling of aniline to azobenzene 
[Eq. (17)]. Assuming that the oxidation consists of two consecutive, one-electron-transfer 
processes, a free-radical, chain mechanism can be applied. 557 However, on the basis of recent 
kinetic 33 and other 558 570 studies, in the oxidation of substituted amines with manganese 
dioxide, the first step is apparently the removal of the a-hydrogen, instead of the imino 
hydrogen atom (N —H). 60 The formation of free radicals 57,60 and hydroxylamines 49,57 as 
intermediate products in the oxidation of amines with manganese dioxide was suggested in 
early studies. Oxidation of amines (e.g., A r -alkylanilines) with manganese dioxide may 
involve oxidation of alkyl groups, cleavage of carbon-carbon bonds, and dehydrogenation of 
carbon-carbon or carbon-nitrogen bonds; consequently, the process may be either uni- or 
bimolecuiar. 


0-N-N^g) (17) 


6.1.1. Primary and Secondary Amines Including Anilines 

An early application of manganese dioxide for the oxidation of amines was in either 
acidic 559 or aqueous 292 media; it involved conversion of an aromatic primary amine (e.g., 
pyridoxamine) 559,560 or an aliphatic amine 292 into an aldehyde [Eq. (18)]. An early study of 

CjHs-NH, H 3 C-CHO + NH 3 (18) 

the action of manganese dioxide in neutral media revealed that many aromatic primary 
amines (e.g., aniline) can be oxidized to the azo compounds in high yield (87%). 60,561 
However, as subsequently showed by Hyatt, 562 the room-temperature oxidation by active 
manganese dioxide of substituted anilines (e.g., 487), or more conveniently, hydrazobenzenes 
(e.g., 486), produces the corresponding c/s-azobenzenes (e.g., 488) in excellent yield 
(89%—98 %) and high purity. Thermal isomerization to the irons isomer (e.g., 489) would 
account for the published results 60,292,563 (Scheme 17). The method 562 is thus stereospecific 
for synthesis of m-azobenzenes from hydrozobenzenes or substituted anilines. In addition to 
the previous work, 60,292 the oxidative coupling of ring-substituted anilines to azo compounds 
in the presence of manganese dioxide in benzene solution has been thoroughly studied by 
Wheeler and Gonzalez. 563 The authors 563 found that substituted anilines, such as p-fluoro-, 
p-chloro-, p-bromo-, p-iodo-, p-methoxy-, m-chloro-, o-fluoro-, o-iodo-, o-methoxy-, and 
o-ethoxyamlines. were rapidly oxidized to the symmetrically substituted azobenzenes in 90% 
yield; normal oxidation was also observed with 3,5-dichloro-, 2,6-dimethoxy-, and 3-chloro- 
4,6-dimethoxyanilines. In agreement with the previous observation. 292 several substituted 
nitroanilines, e.g., 2-iodo-4-nitro-, 2,6-diiodo-4-nitro-. and 2-methyl-5-nitroanilines did not 
react with manganese dioxide, 563 although corresponding azo compounds were obtained 
from o- and p-nitroanilines. 60 The authors 563 found that para-substituted anilines react 
somewhat faster than other isomers; in general, electron-donating substituents on the ring 
(e.g., halogen or methoxy groups) favor the oxidation, whereas electron-withdrawing groups 


SCHEME 17 
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(e.g., nitro and carboxyl) inhibit it; the authors 563 speculated that the nitro group itself may 
be adsorbed on the surface of manganese dioxide and thereby prevent oxidation of the amino 
group. Anthranilic and p-aminobenzoic acids also gave no azo compound, 563 although a 
small yield (5%) of phenazine-l,6-dicarboxylic acid from the oxidation of the former has 
been reported. 564 Since the oxidation reaction of substituted anilines with manganese dioxide 
was carried out at >80°C, 563 the coupling product, as pointed out 562 must be trans- azoben¬ 
zene formed by thermal isomerization of initially formed cw-azobenzene. 

Conversion of anilines into the azo compounds apparently proceeds by a bimolecular 
process, and this speculation was supported by the results of a study of the reaction products 
obtained after treatment of a mixture of aniline and p-chloroaniline with manganese dioxide 
(to give azobenzene, p-chloroazobenzene, and p,p'-dichloroazobenzene). 565 Other primary 
amines 329,566,567 (e.g., 2-aminopyridine, but not polycyclic aromatic amines 563 ) have been 
oxidized to the azo compounds with manganese dioxide. On oxidation with manganese 
dioxide, the aromatic primary diamines can either undergo a cyclization reaction or give an 
azo compound or a mixture containing an azo derivative and a quinone (via elimination of 
ammonia). For example, treatment of o-phenylenediamine in benzene with the reagent gave 
only the azo compound (50% yield), whereas p-phenylenediamine gave a mixture containing 
the corresponding azo compound and p-benzoquinone (via the quinone imine 
intermediate). 473,568 

Highet and Wiidman 287 accomplished the oxidation of benzylamine (also A-methylben- 
zylamine and /V-methyipiperonylamine) in cold chloroform and confirmed the intermediate 
formation of an imine, e.g., Eq. (19). Later investigation 569 of this oxidation showed that 

<^-CH,-N-CH 3 ■ -' ni > <Q)-CH = N-CH 3 (19) 

higher temperatures, an inert atmosphere, and the polarity of the solvent have a pronounced 
effect on the reaction path. Thus, on treatment with manganese dioxide in refluxing p-dioxan 
under nitrogen, benzylamines (490a, b) were converted into benzylidenebenzylamines 
(491a, b); butylamine (492) gave a mixture of l-butyl-3,4-diethylpyrrole (493) and 
N-(2-ethyl-2-hexylidene)butylamine (494), whereas isobutylamine (495) gave a dimeric 
product (496). 569 Similarly, on treatment with manganese dioxide in refluxing benzene, a 
series of ring-substituted A-benzylanilines were converted into the corresponding 


Mn0,/0 O.V. N,.48h 

R-CHjNH, -—- 

— = 0 - 

b R = H ,CO-<^- 

c R = HjC —(CH 2 )| 0 — 
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/V-benzylideneanilines (SchifF bases) in excellent yields (70%-90%) 6 °; a free-radical inter¬ 
mediate was probably involved in the formation of these 60 and the aforementioned products. 
(On manganese dioxide oxidation of allylic amines, e.g., cinnamylaryiamines, see Ref. 570 
and Table XVI.) 

A series of secondary amines (aliphatic and aromatic) have been successfully oxidized 
with manganese dioxide. For example, a-phenyiiminophenylacetonitriles (498a, b.c) were 
obtained in good yields by oxidation of a-aniiinophenylacetonitriles (497a,b,c) with activated 
manganese dioxide in dry benzene at room temperatures 570 ; similarly phenytacylaniles 

TABLE XVI. Oxidation of Primary and Secondary Amines and Their Derivatives 
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(499a,b,c) were converted into phenylglyoxalmonoaniles (500a,b,c) (70% yield), 571 and 
2,3-di-o-toluidinoacrylonitrile (501) was oxidized by the reagent to give a-cyano- 
glyoxylidenedi-o-toluidine (502) (83% yield). 572 


CN 

497a, R = R ' = H 

b, R = H, R' = CH, 

c, R = H, R' = OCH 3 


R 2 


c-n^- R ' 

CN 78%-82% 

498 
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6.1.2. Oxidative Cyclizatiort of Ortho-Substituted Anilines 

Taking into consideration some systematic work by Henbest and co-workers 49 ' 57,573,574 
on the unique manganese doxide oxidation of dialkylaniines [e.g., facile oxidation of a 
methyl group alpha to the nitrogen atom (see Section 6.1.6)], Meth-Cohn, Suschitzky, and 
Sutton 575 found that, in the presence of a suitable ort/io-substituent. disubstituted anilines on 
treatment with manganese dioxide (even in cold chloroform) undergo oxidative cyclization 
(compare Section 3.11) to give a variety of heterocyclic compounds. Thus, oxidation of 
/V-o-aminophenyiamines (503a-503f) gave benzimidazoles (504a-504f) to 50% yield. 575 

Oxidation of the homologs of V-o-aminobenzylamines (505a-505e) with manganese 
dioxide yielded quinazolones (507a-507e) in 19 %—71 % yield; the benzylic methylene group 
in the quinazoline intermediate (506a-506e) was specifically oxidized to a carbonyl group 
(compare Section 4.2) via a suggested hydroxyquinazoline intermediate. 

Similar oxidation of ortho -carboxylic acids of V-alkylanilines produced benzoxazinones 
in 25 %—65 % yield and o-alkylbenzoic acids yielded phthalides. For example, oxidation of 
jV-methylanthranilic acid (508) with manganese dioxide gave benzoxazinone (509) in 52% 
yield. 575 Surprisingly, no inhibition by the nitro group was found on cyclization of p-nitro 
derivatives of A r -alkylanilinecarboxylic acids, 575 although this effect was observed in the 
similar oxidation of /V.A'-dialkylanilines. 49,57 ' 573 ' 574 Oxidation of 2-aminodiphenylamine with 
manganese dioxide in refluxing benzene yielded 2-amino-5-phenyl-3-(phenylimino)-3,5- 
dihydrophenazine in 70% yield 576 (Table XVI). Further examples of an intramolecular. 
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oxidative cyclization are provided by the oxidation of o-aminobenzilideneanils (510a. 510b) 
and hydroxybenzilideneanils (512a, 512b) (Schiff bases) with manganese dioxide, to give ben¬ 
zimidazoles (511a, 511b) (compare 503 -+ 504) and benzoxazoles (513a, 513b), 
respectively. 475 ' 476 No inhibition by the nitro group was reported in these cyclizations. 



509 508 


Similar intramolecular cyclization has been observed in nonenzymic synthesis of cin- 
nabarinic acid (515, 2-amino-3-oxo-3H-phenoxazine-l,9-dicarboxylic acid) following 
oxidation of 514 (3-hydroxyanthranilic acid) with manganese dioxide. 577 

An example in the secondary amine series is an intramolecular cyclization of 1,3-diamine 
516 to pyrazolidine 5 1 7. 578,579 Active manganese dioxide is added in one portion at — 20°C 
to — 10°C to a solution of iV./V'-diphenyl-l^-propanediamine (516) in tetrachloromethane 
and the mixture is stirred for 2-3 h at the same temperature; 1,2-diphenylpyrazolidine (517) 
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is isolated in 45% yield. 578 As has been pointed out, 578 cyclization of 1,3-diamines of type 
516 (unsubstituted and substituted on a ring) to pyrazolidines 517 depends to a considerable 
extent on the type of active dioxide used. The oxidation of 3,4-disubstituted isoxazoline-5- 
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ones (518, existing as tautomers 518a 518b) with manganese dioxide in dichloromethane 

leads to the formation of C —C or C —N-linked coupling products, depending on the nature 
of ring substituents in 518. Thus, when 518 (R = Ph, R' = CH 3 ) is oxidized, the product is the 
C—C dimer (519); however, when 518 (R=CH 3 , R' = Ph) is used, the C —N coupling 
product (520) is formed. 580 
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6.1.3. Dehydrogenation of Amines. Rearrangements 

Previous work on intramolecular dehydrogenation of amines by manganese dioxide 
leading to C —C, C—N, or N —N-linked coupling products has been reviewed. 18 
Dehydrogenation of 3,3,5,5-tetramethyl-4-pyrazolidone (521) to (522) (3,3,5,5-tetramethyl-l- 
pyrazoline-4-one) was accomplished with manganese dioxide in the pressure bottle (55% 
conversion yield). 581 Dehydrogenation of 523 (octamethyl-7,8-diazatricyclo[4.2.2.0 2 ' 5 ] deca- 
3,9-diene) with manganese dioxide at —60 to — 78°C, gave the rearranged product 525 
(octamethylbicyclo[4.2.0]octa-2,4,7-triene) via the 7,8-diaza intermediate 520 (90%—95% 
yield); warming of the reaction mixture to room temperature (25%) yielded a new 
rearranged compound 526 (octamethylcyclooctatetraene) (85% yield). 582 

Similar reaction has been observed following treatment with manganese dioxide at 
— 30°C (ether) of the cycloadduct 527; the reaction product was a mixture of nitrogen 
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extrusion and rearranged compounds, e.g., octamethylsemibullvalene (528) along with 529, 
530, and 531. 582 Additional examples of selective oxidation by manganese dioxide of some 
primary and secondary amines and their derivatives are shown in Table XVI; some 
dehydrogenation and cyclization reactions are also included. 

O 

NH-NH 

521 




529 530 531 


6.1.4. Ring Transformation of Aryl 1,2-Diaminoimidazole 

Ring transformations of heterocycles have been a topic of current interest. 586 ' 587 Anselme 
and co-workers 587 ' 588 studied the oxidative fragmentation of 4-phenyl-1,2-diaminoimidazole 
(532) and related heterocyclic 1,2-diamines. Oxidation of 532 in benzene at reflux for 7 h 
with freshly prepared manganese dioxide gave 4-phenyl-1,2,3-triazole (535) and 5-phenyl-3- 
amino-l,2,4-triazine (536) in 20% and 22% yields, respectively; trace proportions of 537, 
538, and 539 were also isolated. The formation of 535 and 536 was rationalized via formation 
of the C-nitrene (or nitrenoid) 533, which could then undergo ring opening to the 

a-hydrazono-iV-cyanoimine (534) followed by cyclization to either 535 (path a) or 536 

(path b). The a-hydrazono-V-cyanoimine (534) can also account for the formation of 537 

and 538, while fragmentation of the V-nitrene would explain the presence of the 

acetophenone 539 (Scheme 18). Similar oxidation of 1,2-diaminobenzimidazole (540) yielded 
3-aminobenztriazine (541) as the major product (33%) along with a trace of 1-aminoben- 
zimidazole (542); no benzotriazole could be detected. 587 
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6.1.5. Synthesis of i-Diketones and Pvrazine Derivatives from a-Aminoketones 

Oxidation of 3-aminobutanone-2 hydrochloride (543) with manganese dioxide in water 
at lOOX gave biacetyl (2,3-butanedione) (544) (20% yield) (isolated as Ni-complex of 
dimethylglyoxime) and tetramethylpyrazine (545) (40% yield). 589 


HCl-H : NCHCH,COCH : 

543 


Mn0,/H.0.'100'03 min 


H 'C h,ch, 


h 3 ccococh,+ "TQf 

544 H,C N Ach 

545 


40% 


6.1.6. Tertiary Amines 

Tertiary amines are readily oxidized by a variety of reagents, the initial products usually 
being A-oxides, enamines, or carbinolamines. Depending on its structure and on the reaction 
conditions, a compound of the last type may be oxidized further, to an amide, or may be 
cleaved to a mixture of a secondary amine and a carbonyl compound. All of these reactions 
of tertiary amines have been observed by application of active manganese dioxide. Although 
Highet and Wildman 281 originally applied the reagent for conversion of the A'-methyl group 
in the alkaloid dehydrotazzetine (see Table XII) into a AMormamido group, only a 
systematic and detailed study by Henbest and co-workers 49 ' 57 ' 572 ' 574,59<> ‘ 592 led to differen¬ 
tiation of three main types of conversion in the oxidation of an amine (e.g., A-alkyl-, 
A’.A’-dialkylanilines, and aliphatic A.A'.A-trialkylamines) (Scheme 19). 

For all three paths of conversion, it is assumed that the first step involves the oxidation 
of the amine to a hydroxylamine. 49 ' 57 ' 590 In path (a), the hydroxylamine is oxidized further to 
give an N- acyl derivative. In path (b), the hydroxylamine rearranges to give a secondary 
amine and an aldehyde (or a ketone). In path (c), water is eliminated from the hydroxyl¬ 
amine. and the resultant enamine is oxidized further, to afford an N- acyl derivative and a car¬ 
bonyl compound. The oxidation of an enamine most probably involves hydroxylation of the 
double bond, followed by oxidative cleavage of the resultant a-glycol. Thus, the three paths 
of conversion, (a), (b), and (c), involve the removal of two pairs, one pair, and three pairs of 
electrons, respectively, from the starting amine. 554 With several amines, the reaction takes 
essentially a single course; for example, A-methylaniline (546) gave formanilide (547) in 85% 
yield, and a little azobenzene (548; 2.5% yield); A.A-dimethylaniline (549) was oxidized to 
A'-methylformamide (550) in 80% yield, 49 all according to route (a). Formation of some 
azobenzene (548) was attributed to the dealkylation of the starting material to aniiine via the 
hydroxylamine intermediate: then, oxidation of A.A'-dtmethylaniline was facilitated by the 


SCHEME 19 


OH 

(al^N-CH, -^ON-CH, -I2L^N-CHO 
OH 

(A)^N-CH,—R -^^N-CH-R -^L,^NH + HCOR 
OH 

(r) ^N-CH,CH,R — CH -CH,R ttTo* 

OH OH 

^ N - CH = CHR -fSL, ^ N - CH - CH - R ^ N - CHO + HCOR 
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introduction of an electron-donating p-methyl group, but electron-withdrawing />-nitro sub¬ 
stituents completely inhibited the reaction. 


N x /CHj 
N 


MnO./CHCI,. 18 h. 


H x y CH = 0 

N N = N-C 6 H< 


h 3 c x /CHj 
N 


H 3 C N /CH = 0 
N 


MnO./CHCl,.l8h. r.t 


The oxidation of A'.A'-diethyianiiine (551) proved to be more complex. The predominant 
reaction is by path (b) to give A'-monoethyianiiine (552) (via cleavage of the C —H bond of 
the a-carbon atom) and acetaldehyde (54% yield). 49 590 The A'-monoethyianiiine (552) thus 
formed then probably underwent further oxidation by path (c) to formanilide (554; 85% 
yield) via the enamine intermediate 553. Small quantities of A'-ethylformamide (556; 4%) 
(formed via enamine 555) and azobenzene were also detected. Evidence of an enamine inter¬ 
mediate 555 was derived from a trapping experiment with chloranii (Scheme 20). As would 
be expected. A'-ethyl-A'-methylaniline gave both A r -ethylformamide (16%) and formanilide 
(63%), 49 presumably through paths (a) and (b). A similar fragmentation reaction was obser¬ 
ved with A'.A'-dibenzyistyrylamine to give dibenzylformamide (77%) and benzaldehyde; 
A'.A'-dimethyi- and A'.A'-diethyibenzylamine were cleaved to benzaldehyde in 50% and 86% 
yields, respectively 573 (cleavage of a tertiary C —H bond activated by an aromatic ring); 
however, dibenzylpiperazine (557) gave preponderantly the diformyl derivative 558 (80% 
yield). 573 


C.H.-CH^N N-CH,-C 6 H 5 


OHCCHO 

c 6 h 5 -ch,-n n-ch : -c 6 h 5 
^ 80% 


A similar path of oxidation has been observed with the aliphatic tertiary amines. 
Oxidation of triaikylamines of type 559 with manganese dioxide yields dialkylformamides of 
type 560. apparently through paths (b) and (c) (via cleavage of the C —C bond adjacent to 


R v MnO,/. 

R- N - 

R' 

559 


^ y 20 h. r.t. 


N—CH=0 


SCHEME 20 


C,H, C.H, 

■'n'' 



C k H, — N -C ; H. 


[C,,H5-NH-CH=CH,] 

> 553 

c 6 h,-nh-ch=o 

554 

C 4 H 5 — NH ; -*C 4 H, —N = N—C„H,+ 
HiC —CH = 0 


C„H,-N-CH = CH, I-.C„H,-N-CH=0 

555 556 
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the tertiary nitrogen atom); the yield of the product usually increases with increase in the 
length of the carbon chain in the alkyl group (corresponding secondary amines and carbonyl 
compounds are also formed 49,57 ; see Table XVII). However, the yield of the formamide is 
preponderant in the oxidation of trialkylamines of the type shown in Eq. (20). 57 The reac- 

(R-CH 2 ),N * (R-CH 2 ) 2 N-CH=0 (20) 

70% 

tivity of a C —H bond of the a-carbon atom in alkyl-substituted amines (e.g., aliphatic, 
alicyclic, and aromatic) plays an important role in the rate of oxidation of the amine; 
generally, reactivity of a C — H bond is in the order tertiary > secondary > primary. Since a 
tertiary C — H bond is most reactive it is not surprising that manganese dioxide oxidation of 
A'.jV-dimethyl- or V.jV-diethylcyclohexvlamine produces cyclohexanone in 85% and 51% 
yield, respectively. 573 Selective oxidations of some tertiary amines (e.g., Mannich bases) with 
manganese dioxide are shown in conversions of 561 into 562, 574 568 into 584 (a ring 
hydroxylation), 593 and 565 into 566 and 567. 594 


H,C x CH 3 CH, 

N —C —CH, —C —CH, 
/I ' I 
H,C CH, CH, 

561 


MnO, 


>. 18 h. r.t. 


H ,c x CH, CH, 

n-c-ch 2 -c-ch, 

H CH, CH, 58% 


562 


H,C 


H,C 


N^-Nh© 


MnO> 


H,C 


563 

^-ch 2 -n 


H 


N ^_ N = N ^-OH 


564 


/CH, 


(®r CH -° 

CM, MnOj/CH ; q ? .4h^ 

^-CH.-l/ ’ (^X-CH =0 ^\-CH 2 - 

n ch. 


Fe 


N 


/CH, 


565 


566 


567 


V CH, 


6.1.7. Hydroxvlamines and Oximes 

Hydroxylamines and oximes are sensitive to manganese dioxide; few of the examples 
described next show a typical mode of reaction. Oxidation of phenylhydroxylamine with 
manganese dioxide gave nitrosobenzene, e.g., Eq. (21 ). 329 whereas treatment of ethyl 


TABLE XVII. Preparation of 
Formamides 560 from 
Tertiary Amines 559“ 


R 

Yield (%) 
of 560 

C 2 H 5 

<1 

n-CjH, 

28 

n-C 4 H, 

40 

rt-C 5 H M 

48 

n-Cg H i7 

54 


" References 49. 57. 
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<^)-NH-OH <Q>-N=0 (21) 

a-hydroxylamine-y,y-dimethyllactone (568) with the reagent gave an azoxy derivative, the 
dilactone dimer 569, in quantitative yield 595 (coupling between unreacted hydroxylamine and 
a nitroso compound due to the slow reaction). A series of carcinogenic arylhydroxylamines 
were oxidized with active manganese dioxide (ACC) to nitroso derivatives in high yield 
(90%-98%). 596 The general experimental procedure is as follows. 596 To freshly prepared 
arylhydroxylamine in sufficient chloroform to effect complete solution at 0°C was added two 
equivalents of activated manganese dioxide (ACC) at once. The resulting suspension was 
stirred vigorously under nitrogen from 5 to 10 min (TLC spot test for complete oxidation). 
The manganese dioxide was removed by filtration through a bed of Celite and rinsed with a 
few milliliters of chloroform. The filtrate and washings were concentrated under reduced 
pressure and the compounds purified by column chromatography on either silica gel or 
aluminium oxide. The first bright emerald green band was collected and the solvent removed 
in vacuo to yield 90%-98% nitroso compounds homogeneous on thin layer 
chromatography. The following nitroso compounds were prepared: 1-naphthylhydroxyl- 
amine -* 1-nitrosonaphthalene m.p. 84-85 °C; 2-naphthylhydroxylamine -* 2-nitroso- 
naphthalene m.p. 62-63°C: 4-biphenylhydroxylamine -»4-nitrosobiphenyl m.p. 74-75~C; 
2-fluorenylhydroxylamine -► 2-nitrosofiuorene m.p. 77-78°C; 3-dibenzofuranylhydroxyl- 
amine -► 3-nitrosodibenzofuran m.p. Ill °C; and phenvlhydroxylamine -<■ nitrosobenzene m.p. 
68 °C. 


O 


H,C 

H,C-f 


O. 


O 

568 


C - OC•> H 


N-OH 

H 



In an interesting example, treatment of /1-nitrohydroxylamine with manganese dioxide 
under very mild conditions caused elimination of nitrogen monoxide to give an acylnitrone. 
Thus, manganese dioxide was added, in small portions with shaking, to a solution of 
2,2-dimethyl-5-( l-nitropropyl)-pyrrolidin-l-ol (570) in petroleum ether, and the product 571 
(5,5-dimethyl-2-propanovl-d'-pyrrolidine A-oxide) was isolated after 4 h of shaking; yield 
was 55 %. 59 ’ 7 


H, SO< H 

H,C N CH-NO, 

II 

OHC_,H, 

570 


MnO ? /pct. ether. 4 h. r.t. 


H,C 

H,C 



C = 0 + N0+ H,0 

c : H 5 55 o /o 


Under similar reaction conditions, certain oximes were oxidized to the nitro com¬ 
pounds; for example, on treatment with manganese dioxide, the malonic ester oxime 572 was 
converted into the nitro derivative 573, 530 and oximes of diketones 574a-574c were repor¬ 
tedly oxidized to oxadiazole A-oxides 575a-575c. 598 599 

Stable free radical analogs of histidine containing a nitronyl nitroxide ring system in 
place of the imidazole ring have been generated by use of active manganese dioxide. Thus, 
the free radical 579 [A-(benzyloxycarbonyl-( 1.3-dioxy-4,4,5,5-tetramethyldihydroimidazol-2- 
yl)-L-alanine. a red solution; uv (C,H 5 OH): /. = 522 (e = 1370), 555 nm(c = 1400)] was 
prepared via an intermediate obtained by condensation of A-benzyloxycarbonyi-L-aspartic-/?- 
semialdehyde (576) with A,A-dihydroxy-2,3-diamino-2.3-dimethylbutane monosulfonate 
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O 


O 


C,H,0-C 

C = N — OH 

C,H,0-C / 

" " » 

O 

572 


MnO./AcOH 


C,H,0-C x 

C 

C^HjO-C^ N 

II 


NO, 

H 88% 


O 

573 



574a R = H 
b R = 2- Cl 
c R = 4-C1 


MnO, 



(577), followed by oxidation of the resulting adduct (578) with the reagent in ethyl acetate 
(to give 579 in 77% yield. 600 

Similar stable free radicals were prepared in the imidazoline series. Thus, oxidation of 
hydrazones of 4-oxoalkyi-3-imidazoline (580, R = H, CH 3 ) with manganese dioxide in ben- 


Z —NH—CH —CO,H 
I 

CH, 

I * 

CHO 

576 

z-nh-ch-co 2 h 

HO^ CH 2 

h.c^h 

H,C 

H,C CH, 

578 


CH, 

HO-NH-C-CH, 

+ I h,so 4 

HO-NH-C-CH, ‘ 

I 

CH, 

577 


MnO-,/C : H»OAc. 45 min. r.t. 


Z —NH — CH — CO,H 
®O v@ CH, 

H,C't<^''0* 

HjC CH, 

579 


zene (25°C, 6 h) gave a nitroxyl free radical, e.g., imidazo[l,2,3]triazole (581, R = H, CH,) 
in 96% and 91% yield. Similarly 3-imidazoline-3-oxide (582) was converted into a diazo 
compound (583) with nitroxyl radical center: the latter can be esterified on treatment with 


R- 

H,C, 


H,C 


,NH, 


X 

R- 

An 

In 

,CH , MnO./C.H,/25 C;6 h 

■NKlA ’ 

H, S 

Lx 

1 CH, 

H,C 

N 

OH 

580 R = H,CH, 

o* 

581 


CH, 

CH, 

91 %—96% 


H- 

H,C. 

H,C 


/NH, 

* N o ‘ 

/^CH, 

'^CH, 

OH 

582 


MnO, 


H- 

H,C. 

H,C 


* 

* N o 

^ 1 oCH, 

'fcH, 

O* 

583 


RCOOH 


RCOOCH.O 


H,C. 

H,C 




=N yCH, 


O' 

584 
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acetic (or benzoic) acid in chloroform to give 584. 601 The oxidation of 4-oximinoflavans 
(585) with active manganese dioxide in chloroform at room temperature affords the 
corresponding flavanones (586) in high yields (85 %—92%). The authors 602 proposed a likely 
path for the oxidation of oximes, involving the iminoxy free radical intermediate. Some sub¬ 
stituted benzaldoximes have been oxidized with manganese dioxide to heterocyclic 
derivatives. 603 



R, = R, = R, = H 


MnO, 

NH.OH 


R, = R 3 = H. r 2 = och, 

R, = H, R, = OCH 3 , R 3 = CH 3 


R, = r, = och„ r 3 =ch 3 
r, = r 3 = och 3 , r 3 = h 



586 


6.1.8. Cyano-anils from Aminonitriles 

a-Aminonitriles of type 587 can be effectively oxidized with manganese dioxide in ben¬ 
zene to give good yields (74 %—82 %) of cyano-anils of type 588 570 ; see Table XVIII. The 
facile oxidation of 587 clearly suggests initial C — H proton removal [the cyano group in 587 
apparently renders the C —H group acidic; however, this should be compared to the 
behavior of maiononitrile towards manganese dioxide, see Section 7.1. 


H 

R'-CH-N- 

1 

p 2 MnOi/C6H6.2h.r.t. ^ j 

-C = N —R 2 

CN 


CN 

587 


588 

TABLE XVIII. 

Preparation of Cyano- 
Aminonitriles 587° 

■anils 588 from 

R' 

R 2 

Yield (%) 

of 588 

©- 

©- 

80 



78 

0,N 

d- 


82 

a-Qr 


82 



74 


* Reference 558. 
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6.2. Hydrazines and Their Derivatives 


6.2.1. Hydrazines 

Hydrazines resemble amines in their sensitivity towards manganese dioxide. On treat¬ 
ment with manganese dioxide, 1,2-disubstituted (symmetrical) hydrazines are readily 
dehydrogenated to give a high yield of azo compounds, e.g., Eq. (22 J 60 ; the stereo- 


R 


NH-NH 


R 


R 


N = N 


R 


( 22 ) 


specificity 562 of dehydrogenation of hydrazobenzenes has been discussed earlier in the text 
(Section 6.1.1). The mono- or 1,1 -disubstituted (unsymmetrical) hydrazines, however, on 
dehydrogenation either produce hydrocarbons via C —C coupling and nitrogen elimination 
—e.g., Eq. (23 ) 475 ' 568 —or form tetrazenes via N —N coupling—e.g., Eq. (24). 475,568 However, 

2 0-—^ +N 2 (23) 

2 (<D4 N - NH =-" (<□>),N- N = N - N (-^>) 2 76% (24) 

on treatment with manganese dioxide in benzene solution, 2,4-dinitrophenylhydrazine lost its 
hydrazine moiety to give m-dinitrobenzene (50% yield). 292 The course of the reaction may 
depend on the nature of the solvent used; for example, treatment of (V.A'-dibenzylhydrazine 
(589) with manganese dioxide in benzene yields mainly tetrazene (590); in refluxing ethanol, 
however, the product is 1,2-diphenyiethane (591 ) 475 ' 368 (Scheme 21). 

Following treatment with manganese dioxide, several hydrazine heterocyclic compounds 
(symmetrical and unsymmetrical) eliminate nitrogen, affording a novel synthesis of hydrocar¬ 
bons, some of them via skeletal rearrangement; these include the conversions of 592 into 
593, 604 594 into 595, 605 and 596 into 597 and 598. 


6.2.2. Hvdrazides 

Kelly and co-workers 607 ’ 608 found that active manganese dioxide oxidizes phenyl- 
hydrazides in aqueous acetic acid at room temperature to give the corresponding acids in 
good yield; aromatic reaction products are benzene, phenol, and phenyl acetate. The reaction 
was applied to model dipeptides. In a typical procedure, a solution of /V-benzyloxycarbonyl- 
a-L-glutam-l-oyl-glycine ethyl ester 3-phenylhydrazide (599) in 60% aqueous acetic acid was 
treated with active manganese dioxide and stirred for 30-45 min at room temperature to give 
/V-benzyloxycarbonyl-a-L-glutam-1 -oly-glycine ethyl ester (600) in 82% yield; similarly, 
other dipeptides were obtained in 62%-92% yield 375 (see Table XIX). The procedure avoids 
undesired alkaline hydrolysis, thus leaving the benzyloxycarbonyl and the ester protective 


SCHEME 21 


C» H < — CH _, 


N-NH, 


MnO. C 


QH.-CHf. 

C„H,-CH/ 


N —N = N — N 


/CH.-QH, 
S CH,—C 6 H, 


590 


C„H,—CH, 

589 


MnO. C.M.OH. 78 C 


C„ H < — CH, — CH, — C„ H, 

591 



The Oxidation of Organic Compounds by Active Manganese Dioxide 


219 


TABLE XIX. Oxidation of 3-Phenylhydrazides with 
Manganese Dioxide" 


Product 

Yield (%) 

A-benzyloxycarbonyl-a-L-glutam-1 -oyl-glycine 
ethyl ester 

82 

A'-benzyloxycarbonyl-x-L-glutam-l-oyl-glycine 
methyl ester 

92 

jV-benzyloxycarbonyi-a-L-glutam-l-oyl-L-vaiine 
methyl ester 

62 

A-benzyloxycarbonyl-ct-Lglutam-1 -oyl-L-leucine 
ethyl ester 

78 

iV-benzyloxycarbonyl-L-glutamic acid 

76 


“ Reference 607. 


groups intact, and it generally proceeds without racemization. The results suggest use of the 
phenylhydrazide group for the protection of carboxyl groups in peptide synthesis. This 
method was successfully applied in a stereospecific synthesis of a dipeptide [meso- 
diaminopimeiic acid-fLi-D-alanine] 609 and other dipeptide syntheses. 610 Hydrazides of 



MnO, 


C 6 H 5 -CsC-C 6 H 5 + N 2 


595 


C 6 H 5y N 

J "w 

C 6 Hj N'^ 
NH, 
594 


N NH, 
N'' 'N^ 



5% 



salicylic or substituted salicylic acids, 69 benzoylhydrazides, 69 or dihydrazides, e.g., 
iV-benzoylsalicylhydrazide ( 6 H 5 COHNNHCOC 6 H 5 ) 6 “ have been oxidized with active 
manganese dioxide in different solvents under different conditions. In all the cases the reac¬ 
tion products are the corresponding acids, e.g., salicylic or benzoic acids, benzophenone, etc. 
In the presence of ammonia 69 611 besides substituted benzoic acids, benzamides are formed, 
suggesting that free radical intermediates are involved in these oxidation reactions. 


HN-COOCHj-QH, 

H 2 C-CH : -CH-CO-NH-CH 3 -COOC,Hs 


MnO ; /AcQH/H ; Q. 30 mm, r.t. 


o 


,C-N-N-C t H ( 
' H H 


599 


HN-COOCHj-QH; 


H 2 C-CH 2 -CH-CO-NH-CH 2 -COOC 2 H< 

co 2 h 


600 
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6.2.3. Azines 

Azines are unstable in the presence of manganese dioxide, slowly undergoing cleavage to 
the corresponding carbonyl compounds with elimination of nitrogen, e.g., Eq. (25). 612 
Interesting is a selective preparation of m-1.2-dibenzoyl propane via manganese dioxide 
degradation of the heterocyclic ring in 2,5-diphenyl-3,4-diazanorcaradiene. 613 However, some 
azines can be prepared by oxidation of hydrazones with manganese dioxide. For example, 
when flavanone hydrazones 600a are shaken with active manganese dioxide in chloroform at 

R R R 

X C = N-N = C^ 2 V C = 0 + N, (25) 

R x R r' 

room temperature, a mixture of the parent ketone 600b and the corresponding azine 601 
results in each case. 614 The formation of flavanone azines, e.g., 601, can be explained 612 if it is 
assumed that the intermediate diazo compounds dimerize followed by the loss of nitrogen. 
However, the conversion of the hydrazones into flavanones, e.g., 600b can be explained by a 
free radical mechanism. 614 



6.2.4. Hydrazones 

Generally. mercury(II) oxide, silver oxide, and sometimes, nickel peroxide 615 have been 
used for oxidation of hydrazones; however, in many instances, manganese dioxide proved to 
be the best reagent for this purpose. Treatment of mono- or bis-hydrazones of carbonyl com¬ 
pounds with active manganese dioxide (a unimolecular dehydrogenation of the amino 
group) produces, respectively, diazo- or bis-diazo compounds, the structures of which are 

stabilized by resonance; the three forms of a diazo compound, C = N,. are shown in 

/ 

(Scheme 22, A<-»B<-*C), where structures A and B preponderate in the organic diazo com¬ 
pounds (RC= N ; . where R= an aromatic, heteroaromatic, or alicyclic group) and structure 
A is mainly present in the diazo salts, e.g., the diazomethane salts. 616 Thermodynamically, 
diazo compounds are unstable; the facile, photolytic, or thermal decomposition of diazo 
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compounds generates carbenes, whereas bis-diazo compounds produce acetylenes (e.g., 
acetylenic species, which can be trapped) (see Table XX). In early work, Barakat and 
co-workers 292 reported that treatment of benzophenone (and fluorenone) hydrazones with 
manganese dioxide in ether gives rise to the corresponding ketazines (52%—58% yield), 
presumably via the diazomethane intermediate. However, Schroeder 617 and, later, 
Reimlinger 618 demonstrated that manganese dioxide oxidation of benzophenone hydrazones 
(602a-602e) indeed gives diazoalkanes ( 603a-603e ) in high yield (70%-90%); by use of 


R 

R 


C = N 
602 


NH, 


MnO, 


N © © 

C = N = N 


603 



TABLE XX. Preparation and Degradations of Diazo Compounds by Manganese Dioxide 





Yield 


Substrate 

Product 

Reaction conditions 

(%) 

References 

C*H,—SO. 

C»H 5 -SO, 




= N — NH. 

c 6 h,-so. 

Vh = N = N 

c»H,-sb, 

MnOj/CH.Clj/r.t. 

55 

625 

O.N^O'^CH = N-NH; 

„ 

O.N 0"^CH = N = N 

MnO^/ether/Na.SO,/ 

1 h/r.t. 

82 

626 

H n 

M _^ C = N — NH ; 
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n N^C,H, 




N N X C„H, 

MnO^/ether/ 

15 min/r.t. 

78 
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H N-NH, 
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Mn0 2 /ether/ 

99 
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H x V N-NH, 

C = N = N 
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silver oxide, the yields were lower. Morrisson, Danishefsky, and Yates 605 found active 
manganese dioxide superior for oxidation of 1-mesitylglyoxal 2-hydrazone (604) to the 
a-diazo ketone (605) (100% yield); with mercury(II) oxide, the yield was only 75%. Allinger 
and co-workers 619 employed this procedure in the synthesis of 4-carboxy-8 paracyclophane 
(608) from 4.5-diketo-9-paracyclophane 4-monohvdrazone (606) by way of the diazo inter¬ 
mediate 607. Similarly, 620 4-pyridyldiazomethane (611) was obtained in good yield from 
isonicotinaidehyde hydrazone 610 (prepared from aldehyde 609) by treatment with 
manganese dioxide in chloroform solution at 0°C. 


CH, 


h 1 C'-<^- co - ch = N-N h : 
CH, 


604 


MnO.'CHCt,. I h.0-5‘C 


CH, 

r^-( © © 

-CO —CH = N = N 


CH, 

605 


100% 


-(CH,) n ^(CH,),-^ 

c=o c=o 

I MnOi/ethcr. 2 h | /i»/H,0. 


~(CH,, 4 

606 


C=N-NH, 

J 


'(CH 2 ) 4 - 

607 


I © © 

C = N = N 

J 



CH = 0 


H.N-NH, 


*N' 

609 


CH=N-NH, 


© © 

CH = N = N 


MnO,/CHC!,.0"C 


*N- 

610 


611 


Oxidation of hydrazone 612 with manganese dioxide gave the unstable a-diazoketone 
613. which is not stabilized by resonance; the conformation of the seven-membered ring in 
613 is such that the diazo function and the carbonyl group are orthogonal to one another (a 
skew conformation). Compound 613 spontaneously decomposes (via a Wolf rearrangement) 
to give a ketene 614 (stable as the monomer) and an acid 615 (combined yield, 49 %). 621 
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O 


MnO.- 


N-NH, 
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Facile oxidations have also been observed with bis-[hydrazones]. For example, treat¬ 
ment of 1.3-dibenzoylbenzene-bis[hydrazone] (616) with manganese dioxide in ether 
solution gave purple l,3-bis[a-diazobenzyl]benzene (617) in quantitative yield. 622 ' 623 
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Preparation of a series of other diazo compounds has been reported. 005,624 " 628 and some 
of the fascinating degradations of diazo compounds with manganese dioxide that can be of 
synthetic value have been described 612 629 " 631 ; some of these are summarized in Table XX. 
Wittig and Heyn 629 found that manganese dioxide is a more efficient oxidant for preparation 
of strained acetylene derivatives from diazo compounds. 


6.2.5. a-Diazoketones. Useful Synthetic Intermediates 

a-Diazoketones can be put to diverse uses in organic synthesis. 633 For example, the 
1,3-dipolar addition to activated alkenes and alkynes affords pyrazolines and pyrazolenines. 
respectively. Loss of nitrogen from the diazoketone, either thermally, photochemically, or 
cataiytically (transition metal), provides an a-keto carbene (or carbenoid) that may either 
display the well-known Wolf rearrangement 633 *" 6339 ' 634 ' 635 leading to ketenes or be trapped, 
for instance, by alkenes to yield a-ketocyclopropanes 633 * or dihydrofuran derivatives, the lat¬ 
ter resulting from a (formal) 1,3-dipolar addition. 633a 633d Upon treatment of diazoketones 
with acids, products are obtained that result from the intermediate a-keto carbonium ion, 
which is generated from the initially formed diazonium ion by loss of nitrogen. 633e633f ' 636 
Recently, Hogeveen and co-workers 637 examined the chemistry of bicyclobutane-bridged 
a-diazoketene (619) [prepared by oxidation of the hydrazone 618 with excess MnO ; (ACC) 
in methylene chloride]. The reaction of the a-diazoketone (619) with excess acrylonitrile 
provided /f 2 -pyrazoline (620) in almost quantitative yield. The reaction of 619 with enone 
621 (via the 1,3-dipolar addition of 619 to activated unsaturated carbon-carbon bond) affor¬ 
ded as the only product the mw«-bis(bicyclobutyl ketone(-substituted pyrazoline (622) (85% 
yield), no cw-isomer being formed. Treatment of the diazoketone 619 with an activated 
alkyne. e.g., dimethyl acetylenedicarboxylate, gave an adduct which was identified as 
pyrazole (623) (57% yield) (Scheme 23). In contrast to the above-mentioned reactions with 
electron-deficient alkenes, no reaction occurs upon treatment of 619 with electron-rich 
alkenes such as vinyl acetate and 2,3-dimethyl-2-butene; also, no reaction occurs upon treat¬ 
ment with electron-rich alkynes such as 2-butyne. 

In another example, hydrazone of 4-biphenyl-4-pyridyl ketone (624) was oxidized with 
manganese dioxide (ACC) in chloroform, to give (4-biphenylyl)-(4-pyridyl)-diazomethane 
(625) (58% yield); flash pyrolysis of (625) at 400°C (5 x 10 -5 Torr) yielded 7-phenyi-2- 
azafluorene (7-phenylindeno[2,l-C]-pyridine) (626) (15% yield) 638 (Scheme 24). 


SCHEME 23 




224 


Alexander J . Fatiadi 


SCHEME 24 
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6.2.6. Lactams by Intramolecular Ene Insertion of Acvlazocarboxylates 

A method for lactam synthesis by intramolecular ene insertion of acylnitroso compound 
has been reported 639 : other synthetically pertinent ene reactions have been reviewed. 640,641 As 
reported by Vedejc and Meier, 642 y, fi or <M-acylhydrazocarboxylates (627) (easily prepared 
from acid chlorides and ethoxycarbonylhydrazine) undergo intramolecular ene insertion 
reaction when oxidized with manganese dioxide. Among several oxidizing agents examined, 
active MnO : (ACC) 25 at 20°C gave the best results. Thus, when the hydrazide 627 was 
stirred with 25-30 mole excess of MnO, in methylene chloride, the crystalline lactam 629 was 
obtained in 67 % yield. The intermediate azo compound 628 did not accumulate under these 
conditions, but the characteristic orange color attributed to 628 was observed using other 
oxidants at lower temperature. Similarly the hydrazide 630 was converted into the lactam 
631 ( — 50% yield). 



630 631 

6.2.7. Phenylhydrazones 

The oxidation of hydrazones with manganese has been studied by many 
workers. 292,475,476,47 “ ,605,612,614 ' 6I9,625,62 »-« 1M2 -^ Scrutiny of the literature shows that 
manganese dioxide oxidation of hydrazones gives different types of product depending upon 
the reaction conditions and the structure of the parent carbonyl compounds. On treatment 
with manganese dioxide, phenylhydrazones of ketones and aldehydes and bis[phenyl- 
hydrazones] (e.g., osazones) also produce an array of products. Bhatnager and 
George 16,476,644 showed that benzophenone phenylhydrazone undergoes oxidative fragmen¬ 
tation to give benzophenone and biphenyl (apparently via radical coupling) on treatment 
with manganese dioxide in benzene. In contrast, benzaldehyde phenylhydrazone (632), on 
similar treatment, 476,644 gives a mixture of various dimeric products formed through C —C, 
N —N, or C —N coupling of the intermediate radicals; this work supplemented an earlier 
study on oxidative dimers from benzaldehyde phenylhydrazones. 645 In addition, a small 
amount of 2,4,5-triphenyl-1,2,3-triazole (633) could be isolated from the reaction mixture; 
the formation of triazole (633) has been explained in terms of the oxidation of the benzil 
osazone (634) to give an 85% yield of 633 (R = H), possibly via the radical intermediate 
635. On oxidation of benzaldehyde salicyloylhydrazone with active manganese dioxide, in 
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R^CH = N-NH^> 
632 

R = H, H 3 C, H 3 CO 



addition to salicyclic acid (20%), 2-(o-hydroxylbenzyl)-4,5-diphenyl-l,2,3-triazole was 
isolated (40% yield) 643 ; similar treatment of phenylhydrazone of 2,3-dioxobutyraniiide 
2-oxime also produced a triazole derivative. 646 Similarly, (p-bromophenyl)-glyoxal osazone 
was converted with manganese dioxide into (p-bromophenyl)-1,2,3-tnazole. 647 


C 6 H 5 -HN 
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Glyoxal-osazone, pyruvaldehyde-(methylglyoxal)-osazone, and 2,3-butanedione- 
(biacetyl(-osazone gave excellent yields of Af,JV-diphenylbis[azoethenes] on an oxidation at 
room temperature with manganese dioxide in benzene solution 644 ; however, ring-substituted 
glyoxal-osazones (e.g., p-Cl, p-Br, p-H 3 C, COOH, and NO ; ) were little affected by 
manganese dioxide at room temperature, but were readily oxidized with iead(IV) acetate in 
dichloromethane. 318 In refluxing benzene, however, methyiglyoxalosazone (636a), bicetyi- 
osazone (636b), and methyiphenylgiyoxalosazone (636c) undergo cydization, apparently via 
intermediates (637a-637c), to give good yields of the corresponding phenylazopyrazoles 
(638a-638c). 648 Similarly, an oc,/J-unsaturated phenylhydrazone (e.g., chalcone phenyl¬ 
hydrazone) was cyclized to 1,3,4-triphenylpyrazole in quantitative yield (conversion 
639- 640). 475 
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In a related reaction, a new method for cyclization of thiosemicarbazones has been 
reported. Thus, 4-arylthiosemicarbazones (641) have been cyclized either to 5-thio-J'-1,2,4- 
triazolines (642) with alumina 649 or to imino-1.3,4-thiadiazolines (643) with manganese 
dioxide . 6S0 


chromatographic 
adsorbent, e g.. AKO, 


C=N-NH-C-NH-Ar 


641 


MnO, 


.■V s 

Ar 

642 

_,n=n 

D R X^N-Ar 

R =» 

643 


7. MISCELLANEOUS OXIDATIONS 


7.1. Nitriles 

The hydrolysis of nitriles to amides generally requires rather drastic conditions involving 
strong acids or alkali, although hydrolysis may sometimes be effected at room temperature 
using hydrogen peroxide. Metal-catalyzed hydrolysis of nitriles to amides either involves the 
hydroxide ion as a reactant 651,652 or requires refluxing conditions . 653,654 In a new 
procedure , 655 aromatic and aliphatic mononitriles were readily hydrolyzed with manganese 
dioxide in neutral media (in dichloromethane) at room temperature to give good yields of 
amides with no other products (e.g., acids). The reaction probably involves a solid-phase 
catalyzed hydrolysis using water on the surface of the solid. The examples in Eqs. (26 >-(29) 


<0K- N 

CH,CI,.70h. 25 X 

• ^c-n« 2 

72% 

(26) 


C^CH.-CN ■ 

CH,C1,. 70 h. 25 X 

o 

NH 2 22% 

(27) 


H : C = CH —C = N 

CH.CI,. 26 h. 25X 

o 

II 

H 2 C = CH-C- 

NH, 22% 

(28) 


H 3 C-C 2 N 

CHyCl;. 80 h. 25 X 

o 

► HjC-C-NH, 

40% 

(29) 


illustrate the scope . 655 Acetonitrile was also hydrolyzed with manganese dioxide in refluxing 
p-dioxan . 656 The relatively high formation of the amide 645 in the hydrolysis of cis- and 
/ranj-isomers of nitrile 644 (cis- and fra/w-3-bromo-4-methoxycinnamonitrile ), 655 of the 
amide 647 from nitrile 646 (4-methoxymandelonitrile-O-benzoate ), 655 and of 2-carboxamido- 
3-phenylquinoxaline (649) from 2-cyano-3-phenyl-l,2,3,4-tetrahydroquinoxaline (648) (via 
hydrolysis and dehydrogenation ) 657 suggests that steric requirements for the manganese 
dioxide hydrolysis of nitriles are much less than those observed for normal hydrolysis . 651,653 

Recently 6553 the hydration of aqueous nitriles to amides has been examined over various 
preparations of active manganese dioxide. In most instances high yields of amides are 
obtained with complete freedom from coproducts or side reactions. For example, a suspen- 
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sion of manganese dioxide (ACC) (1 g), pyridine-3-carbonitrile (5 g) in water (35 ml) is 
refluxed for 5 h; concentration of the filtrate and washings gives pyridine-3-carboxamide 
(nicotinamide); yield; 5.5 g (>97%). The yield of the product varied with different 
preparations of the catalyst. The infrared spectra of manganese dioxide catalysts are observed 
and related to the catalytic activity. The possible reaction mechanism is discussed. 

Another recent study 658 in this area reported hydrolysis of a series of aromatic nitriles, 
e.g., Eq. (30). Similar treatment of methylacrylonitrile (H 2 C = C(CH 3 ) CN) gave a polymer 
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R = H, 4-HjCO, 2-0 2 N, 3-0 ; N, 4-0 2 N, 2-Br, 4-H,C, 


(30) 


(amidonitrile copolymer) in 21 %—31 % yield 658 and A-methylolacrylic amide (650) was 
oxidized with active manganese dioxide in organic solvents, to yield /V-formylacrylic amide 
(651) (75%—80% yield), a useful monomer for vinyl polymerization, including polymer 
cross-linking reactions. 659 However, the literature contains little information on manganese 
dioxide oxidation (e.g., hydrolysis) of aromatic or aliphatic dinitriles. A preliminary study 
made in this laboratory showed that, in the aliphatic series, only a most reactive dinitrile 
[e.g., malononitrile (652)] on treatment with manganese dioxide in refluxing acetonitrile was 
hydrolyzed to give cyanoacetamide (653, m.p. 119-120°C) in 55%-60% yield. 318 Higher 
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aliphatic dinitriles (e.g., glutaronitrile, adiponitrile) were recovered practically unchanged 
following similar treatment (e.g., refluxing acetonitrile; however, p-dioxan as the solvent was 
not tested). Treatment of 1,2-, 1,3-, and 1,4-dicyanobenzenes with manganese dioxide in 
refluxing acetonitrile (4-12 h) produces mixtures containing mono- and dicyanobenzamides; 
on prolonged heating some cyanobenzoic acids are also formed; mixtures can be separated 
by TLC or column chromatography [silica Gel HF 254 and 366, solvent 1:1 (V/V) 
chloroform/acetone or 1:1 (V/V) cyclohexane/ethyl acetate]; e.g., l-cyano-3-benzamide (m.p. 
225-226°C), l-cyano-4-benzamide (m.p. 182-184°C). 318 

In contrast, considerable stability of the cyano group in 2-cyano-, 3-cyano-, and 
4-cyanopyridines toward manganese dioxide has been observed; for example, 
4-cyanopyridine was recovered practically unchanged following treatment with the reagent in 
refluxing acetonitrile for four hours 318 ; see, however, Ref. 655a. 


7.2. Indoles and Carbazoles 


Opening of the heterocyclic ring in indole and 2,3-alkylindoles by manganese dioxide is 
partially due to the sensitive nature of the indole a,/(-bond. 660 Manganese dioxide oxidation 
of indole (654) is reported to give mainly V-formylanthranilic acid (655) 480 ; similar 
oxidation of 2,3-dimethylindole (656) also proceeds with the cleavage of the indole a,/S-bond, 
to give 658 via a suggested indole hydroperoxide intermediate (657) 661 ; involvement of a 
hydroperoxy-indolenine intermediate in the in vitro and in vivo cleavage of the indole 
a,/(-bond of isovincoside lactam has recently been suggested 662 ; however, an initial 
hydroxylation of the indole sc./J-unsaturated bond (to give a 2,3-diol intermediate) is a real 
possibility. 

Study of the action of manganese dioxide on related tryptophans and their derivatives 
would be of considerable interest. 
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Manganese dioxide oxidation of tetrahydrocarbazole in refluxing benzene under 
nitrogen gives a mixture of carbazole and tetrahydrocarbazole-l(2H)-one; however, 
oxidation in the presence of air gives a complex mixture of products (e.g., spiroindoxyl and 
cyclopentanoquinol) 480 (see also Table XIV). 


7.3. Oxidative Dimerization of Heterocyclic Compounds 

An interesting case of oxidative dimerization has been observed with quinazoline (659), 
which was converted into 4,4'-biquinazolinyl (661) via a possible cyano-adduct (660), on 
treatment with aqueous sodium cyanide, followed by oxidation with manganese dioxide in 
benzene. Similar dimerization has also been observed with 2-methylquinazoline, but not with 
the 4-methyl isomer. 663 Treatment of 1-methyl-2-formylimidazole (662) with manganese 
dioxide in chloroform supposedly produces dimer 663 in moderate yield. 664 A new synthetic 
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route 665 to 2,2'-biimidazole (glycosine, 666) is based on the oxidation under mild conditions 
of the easily available 2,2'-bi[2-imidazoline] (664). Compound 664 was made soluble in 
organic solvents by conversion into its bis[trimethylsilyl] derivative 665 with 
hexamethyldisilazane and then oxidized with activated manganese dioxide in tetra- 
chloromethane (76% yield). 
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7.4. Nucleic Acid Derivatives 


Oxidative fragmentation has been observed following treatment of nucleic acid 
derivatives with manganese dioxide in hot aqueous solution. For example, adenine and 
guanine 666 gave degradation products of the purine ring, e.g., urea, guanidine and biuret; 
thymidine 5'-phoshate (but not thymidine) was degraded to thymine 667 with manganese 
dioxide in hot water. Similarly, purine (but not pyrimidine) nucleosides 666 have been 
oxidized to the corresponding bases and their oxidation products; similar degradation has 
been observed with oligodeoxyribonucleotide and deoxyribonucleic acid. 666 


7.5. Organic Sulfides 

Treatment of saturated alkyl or aryl sulfides (e.g., di-n-butyl- or phenyl dibenzyl sulfide) 
with manganese dioxide in light petroleum yielded corresponding sulfoxides in 71 %—74 % 
yield; no formation of sulfone has been observed 668 ; similarly diallyl sulfide was oxidized to 
diallyl sulfoxide in 49% yield, e.g., Eq. (31 ). 481 Although some oxidation of organic thiols 669 

H,C = CH-CH, H 2 C = CH-CH 2 

-► > = 0 (3D 

H 2 C = CH-CH, H 2 C = CH-CH 2 49% 

and disulfides with manganese dioxide has been observed, the reagent failed to attack 
1,2-dithianes 670 ; similarly, a sensitive 1,3-dithiane ring in the presence of manganese dioxide 
remained intact, for example, in oxidation of the unsaturated alcohol 667 [2-methyl-2- 
(l-cyclohexene-3-ol)-l,3-dithiane] to a ketone 668 [2-methyl-2-(l-cyclohexene-3-one)-l,3- 
dithiane]. 185 

Similarly, /1-hydroxy sulfides, sulfones, and sulfoxides having benzyiic groups were sue- 
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cessfully oxidized with active manganese dioxide to give high yields (80%-90%) of the 
corresponding /2-keto sulfides, sulfones, and sulfoxides; note that the sulfide group, for exam¬ 
ple, in 2-methylmercapto-1-phenylethane-1-ol (/?-hydroxy-/)-phenethyl methyl sulfide) was 
not attacked by the reagent, e.g., Eq. (32). 671 An interesting decomposition of a disulfide 


OH 

<^-CH-CH;,-SCH 3 -“2° 


o 

C-CH,-SCH, (32) 

82% 


bridge by manganese dioxide has been described. Thus, slight warming of bis[trimethylsilyl] 
disulfide (669) with the reagent at 28°C yielded hexamethyldisiloxane (670) in 25% yield. 672 

(H 3 C) 3 Si —S —S —Si(CH,) 3 -^^S (H,C) 3 Si —O—Si(CH 3 ), J 

669 670 25% 


The synthesis of the rigid endodisulfide ring of structure 672 (required as a stable prostaglan¬ 
din analog) was possible only by use of manganese dioxide as oxidant. Thus, upon treatment 
of (671) with 1.5 equiv. of active manganese dioxide in degassed toluene at — 20°C for 
40 min under argon, 672 [methyl (5Z, 9a, 11a, 13E, 15S)-9,ll-epidithio-15-hydroxyprosta- 
5,13-dienoate, endodisulfide analog of PGH 2 ] was obtained in 86% yield. 673 Other 



COOMe MnO,/toluene/—20'C 


OTHP 
671 R = H 



oxidation methods were unsuccessful. Paquette and co-workers 674 in their study of bullvalene 
derivatives observed a novel isomerization (shown below), following oxidation with 
manganese dioxide, and presumably arising by cheletropic extrusion of sulfur dioxide 
(Scheme 25). 

Synthesis of co-( //-tolysulfinyl (-acetophenone involved a manganese dioxide oxidation of 
2-hydroxy-2-phenylethyl p-tolyl sulfoxide, which was obtained by condensation of 
p-tolylsulfinyl carbanion with benzaidehyde 675 (Scheme 26). Manganese dioxide oxidation of 
thioureas in chloroform at room temperature gave the corresponding ureas. A probable 
mechanism for this reaction may involve the initial formation of a carbodiimide intermediate 
which reacts with water, under experimental conditions, to afford the corresponding urea. 676 


SCHEME 25 
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SCHEME 26 
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Dehydrogenation of 2,2'-bi{ 1,3-dithioiyl) to tetrathiofulvalene was performed with 
active manganese dioxide in refluxing acetonitrile (26% yield ). 677 Active mangane dioxide 
has been applied as vulcanizing agent (e.g., cross-linking agent for polysulfide polymers ). 678 

Treatment of diphenyl selenide with manganese dioxide (in CH,C1 : or CH 3 CN/25°C) 
gave diphenyl selenoxide in 85% yield [Eq. (33)]. Oxidation of other selenides (e.g., benzyl 
phenyl selenide) with the reagent to the corresponding selenoxides has also been observed . 318 
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7.6. Phosphorous Compounds 


On treatment with manganese dioxide in neutral media, trivalent organophosphorous 
compounds are readily oxidized to pentavalent phosphine oxides (via accommodation of ten 
electrons in their empty 3d orbitals); an early report is a conversion of triphenylphosphine in 
light petroleum to triphenylphosphine oxide in 75% yield 292 [where the phosphine oxide 
group (P -► O) has a hybrid structure comprising a dipolar form and a double bond charac¬ 
ter, e.g., Eq. (34)]. Kabachnik and co-workers 679 ^ 681 have oxidized with manganese dioxide 

(C«H 5 ) 3 P-► (C 6 H 5 ) } P-O «-► (C 6 H 5 ) 3 P=Q (34) 


a series of tertiary saturated (e.g., conversion of 673 -+674) 680 and vinylphoshines [e.g., con¬ 
versions of 675a-675d -► 676a-676d] 679 and similarly vinyl-, allyl-, and vinylphenyl- 
phosphorous esters (e.g., conversion of 677 -»678) to the corresponding oxides in high yields 
and without formation of side-products. 
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Manganese dioxide oxidation of phenyitrimethylene phosphite gave the corresponding 
phosphate in good yield 682 ; similar treatment of diphenylferrocenylphosphinecarbinol gave a 
mixture of the corresponding phosphine and phosphine oxide aldehydes. 683 


7.7. Other Applications 

Quinoiine-3,4-dione-l-oxides can be conveniently prepared via manganese dioxide 
oxidation of l,3-dihydroxy-4(H)-quinolones. Thus, c«-l-benzoyl-2-(o-nitrophenyl)-oxirane 

(679) treated 24 h at room temperature with ethereal hydrogen chloride gave in 90% yield 

(680) [6-chloro-l,3-dihydroxy-2-phenylquinoline-4(lH)-one], believed to exist in 
equilibrium with its tautomer 680 <-» 680a; the latter in acetone was stirred with manganese 
dioxide (15 h) to yield dione (681) (6-chloro-2-phenylquinoline-3,4-dione-l-oxide) in 84% 
yield. 684 



A novel oxidative ring expansion has been reported; thus, oxidation of the adduct of 
tosylhydrazine with /ranj-2,3-di-/-butylcyclopropanone (e.g., 682) with active manganese 
dioxide gives the new 0-lactam (683) in 25% yield (confirmed by an unequivocal 
synthesis). 685 


HO. ,NH —NH —Tos 


A 

/-c 4 h; c 4 h„-/ 

682 


MnO./CHCI,. 25"C 


o. 


,NH —Tos 
■N 


/-c 4 h; c 4 h,-/ 25% 

683 


In a recent study of nonphenoi oxidative coupling of benzylisoquinolines (required for a 
synthesis of alkaloids dibenzazonine and appophine), Kuchan and co-workers 686,687 have 
oxidized with active manganese dioxide a series of A-bridged dienol intermediates, e.g., con¬ 
version of A-methyldienol into O-methylflavinantine (29% yield) 686 and conversion of a 
mixture of the epimeric (± )-0-methylsa!utaridinols into (± )-0-methylsalutaridine (Mn0 2 , 
CHC1 3 , 60% yield) 687 . (Compare phenol oxidative coupling. Section 3.11; compare also 
oxidation of the alkaloid tazzetine Refs. 281-283.) Treatment of 4-anilino-5-hydroxy-/l 3 - 
pyrrolin-2-one with active manganese dioxide (CH 2 C1 2 , 1 h, 25 °C) yielded a yellow 
fluorescent maleimide in unspecified yield. 688 

The tritium labeled alcohol, [y- l4 C 3 H 2 OH] coniferin was oxidized with manganese 
dioxide to the corresponding coniferyl aldehyde; the same aldehyde was also obtained by the 
enzymatic oxidation with cinnamyl alcohol dehydrogenase [NADP]. 689 
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Hulupone, useful as the bitter principle for beer, was prepared by active manganese 
dioxide catalyzed air oxidation of lupulone /i-acid. 690 Pregnadienoates (e.g., alkyl 
3,20-dioxopregnan-l,4-dien-2i-oates, useful as intiinflammatory agents) have been prepared 
by manganese dioxide oxidation of the corresponding alcohols. 691 In addition to work 
described in Ref. 44, oxidation of pyrene with manganese dioxide in aqueous sulfuric acid 
(>50% H : S0 4 at 60°C) gave a mixture containing 1,6- and 1,8-pyrenediones, a coupling 
compound l,l'-bipyrene (via, apparently, a free-radical intermediate), some pyrenic acid and 
other ring-degradation products. 692 

Active manganese dioxide was the reagent of choice for the oxidation of the isomeric 
adducts, following the condensation of 1,2,3,4- and 1,2,3,8-tetramethylcyclooctatetraenes 
with A-phenyltriazolinedione 693 ; similar isomeric adducts of the dimethylcyclooctatetraene 
derivatives were also oxidized with manganese dioxide. 694 

A synthesis of the natural product ebumamonine involves a manganese dioxide 
oxidation. 695 Characterization of a Mn(lV) oxide-reductase system in a marine bacillus has 
been attempted. 696 Kinetic relations in the oxidation of acetylene microimpurities on 
hydrated manganese dioxide (e.g., 0-MnO : , H,0) have been studied. 54,697 Kinetic study of 
cyclohexane oxidation by manganese dioxide has been reported. 698 

New active manganese oxide reagent [Eq. (35)] (MnO, 64 ) was used in oxidation of 

MnS0 4 + aq. NH 3 /0 2 (1 atm)-► Mn0 164 (35) 

aniline (in aq. H 2 S0 4 ) to benzoquinone. 699 Recent industrial applications of manganese 
dioxide include the following topics: (a) industrial methods for production of manganese 
dioxide (a review), 700 (b) unique and interesting properties of manganese dioxide as a tyical 
one-phase solid redox system (a review), 701 and (c) modern processes of industrial chemistry: 
manganese dioxide (a review). Active manganese dioxide has been applied for sorption of 
waste gases (e.g., methane, carbon monoxide, phenol, etc.), 703,704 for sorption of aliphatic 
hydrocarbons (e.g., propene, acetylene, and propane), 705 for studies of effects of seawater 
cations and temperature on manganese dioxide-reductase activity in a marine bacillus 706 ; 
also in formaldehyde removal, 0 in a kinetic study of oxidation of a benzene microimpurity 
in air, 54 708 benzoyl perioxide decomposition 709 ; also in the oxidation of ethanol (by y-MnO, 
voltametry), 710 and in the liquid-phase oxidation of hydrocarbons. 711,712 The kinetic study of 
the exhaustive oxidation of benzene by a pulsed microcatalytic method has recently been 
reported. The study showed 713 that the oxidation of benzene on active manganese dioxide 
(e.g., MnO, • HjO) involved interaction of adsorbed benzene and oxygen to form a species 
which was further oxidized in the rate-determining step. Additional applications of active 
manganese dioxide (e.g., analytical, physical, inorganic) have been surveyed. 19 


7.8. Miscellaneous Recent Results 

Diazo-ketones (see Section 6.2.4) may lead to a variety of products 714 arising either 
through the reactions of nucleophiles with the protonated diazocarbonyl function 
(diazonium or oxo-carbonium intermediates) or by loss of nitrogen resulting in an oxo-car- 
benoid species. Intramolecular carbon-carbon bond formation of the oxo-carbenoids with an 
appropriately situated olefmic group has been thoroughly investigated and is of great syn¬ 
thetic utility. 715 

The lactone synthesis involves the preparation of y-butyrolactones from readily available 
olefins and carboxylic acids in a simple one-step process. 716 The general reaction which is 
depicted below [Eq. (36)] consists of the addition of a carboxylic acid having an a-hydrogen 
atom across the double bond of olefin in the presence of stoichiometric amounts (2 
equiv/mol of lactone) of various metal oxidants, including active manganese dioxide. Higher 
valent metal salts of manganese, cerium, and vanadium have been used successfully in the 
lactone synthesis. Thus, -/-lactone from octene-1 and active MnO : in acetic acid was isolated 
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in 46%-67% yield . 716 /?-Quinone monoacetals are useful synthetic intermediates . 717 The 
methoxy- and hexadecycloxy-quinone imines (685) were synthesized by oxidation of the 
corresponding phenols 684a and 684b with manganese dioxide 718 (see Section 3.11.2). Active 
manganese dioxide was a reagent of choice in the synthesis of Gibberellin A 29 from 


OH 

X_NHSO,Ar 

OR 

684a : R = Me 


MnO, 


o 


N-SO,Ar 


Me 


OR 

685 


Gibberellin,. Thus, the specific oxidation of the triol dimethyl ester (686) with manganese 
dioxide gave the ketol 687 (60% yield) as the only product 719 (see Section 3.1.4). The 
presence of a secondary, allylic hydroxyl group in the alkaloid 688 ( 8,14-dihydro-8/J- 
hydroxy-14/?-nitro-10-oxothebaine) was established by oxidation with manganese dioxide 
(ACC) to form the diketone 689 720 (see also Section 3.6). 





When heated in the presence of MnO 2 a-phenylsuccinimide gave a-phenylmaleimide as 
a major product and dl- and meio-2,3-diphenylbutane-l,2:3,4-bis(A-methyldicarboximide) as 
oxidative coupling dimers. Several A-substituted /J-phenylmaleimides were obtained in 
60%-73% yields by this procedure. The oxidation of phenylsuccinimido groups attached to 
polymers was attempted . 721 The esterification procedure of Corey 190 has been successfully 
applied by Kishi and co-workers 722 for the synthesis of antibiotic Rifamycin S (690), par¬ 
ticularly its aliphatic segment (691), e.g., a conversion of the aldehyde 692 into the methyl 
ester 693 (see Section 3.10.2). Almost all oxidizing agents cyclize benzylidene-l-l'-bis- 
(2-naphthol) (694) to the stereoisomers 695 and 696 of phenylnaphtho[2,l-b]-furan-2(lH)- 
spiro'(2H)-naphthalene-2-one. A few are stereospecific. For example, active manganese 
dioxide in chloroform gives 695 and 696 (71% yield, the isomer ratio 53:47), whereas 
potassium permanganate in acetone is stereospecific for the spiran 696 (48% yield, the 
isomer ratio 99 %) 723 (see Section 3.11). The sulfur-containing intermediates, e.g., thiocar- 
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690: Rifamycin S 



1. (MeO), PIO)CH(MetCN/KOBu./THF - 78 C 

2. DIBAL/C,H,CH,/-78 C 

3. NaCN/MnO-./AcOH/MeOH/room temperature. 


Me Me CO, Me 



XT 

Me Me 

693 


DIBAL = diisonutylaluminium hydride 


bonyl yields are important synthetic intermediates. 724 725 A recent study 726 describes the 
oxidation of the dehydrazone (697) with a series of oxidants. In the case of manganese 
dioxide, the bis (diazo) compound 698 is assumed to be formed, and this should be a precur¬ 
sor to the synthesis of the labile thiacyclopentyne 699. Although the formation of 699 is 
supported by isolation of the cycloadduct 700 the competing pathway of cleavage of 697 with 
MnO, perhaps through bis (diazo) compound 698 to dinitrile 701 accounts for all or nearly 
all the isolated product 726 (see also Section 6.2.4). 



4 

O 48% (yield) 

6% 99% isomer purity 
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Recently a novel oxidative coupling of the amine (702) (4'-amino-5'-rm-butylbenzo-18- 
crown-6, /i = 3) by manganese dioxide to give the azobis (benzocrown ether) (703) (5,5) has 
been reported. 751 


2 

2(5,5) or 2(6,6) 



^ V v 
N 

Ax-cO 

O V 

Lv° 



703 


2(5,5), R = r-Bu; n = 2 


8. EXPERIMENTAL PROCEDURES 


8.1. Preparation of 2-Formylchromone (19) ul 

A mixture of 2-(hydroxymethylJchromone (18, 2 g, 11.4 mmol) suspended in 
chloroform (200 ml) is refluxed with stirring for 24 h. After 12 h, an additional 2 g of 
manganese dioxide is added. The mixture is cooled, filtered, and the filtrate evaporated. The 
residue is crystallized from ethyl acetate; yield: 1.1 g (56%). 


8.2. Oxidation of Gibberellic Acid (77) with Mn0 2 135 

To a solution of (77) (10 g) in 1.2 1 of freshly distilled acetone was added active Mn0 2 26 
(90 g) and the suspension was shaken for 153 h at 20-23°C in a black-glass vessel. After 
filtration, the precipitate was thoroughly extracted with acetone, and the extracts were com¬ 
bined, evaporated, and the residue chromatographed on silica gel (400 ml) treated with 
114 ml of phosphate buffer (pH 6.2). Elution with benzene-CH 2 Cl 2 (3:2) gave enone (78) 
(14.5 mg). Elution with benzene-CH 2 Cl 2 (1:4) gave lactone (79) (250 mg). Further elution 
with CH 2 Cl 2 -EtOAc (9:1) gave dilactone (80) (1.04 g). 


8.3. Preparation of 2-Methyl-2(2'-methyl-l'-propenoxy)-propionaldehyde (142, R‘ = R 2 = 
CH,) and Tetramethylsuccinaldehyde (141, R l = R 2 = CH 3 ) from Isobutyraldehyde 
(140; R‘ = R 2 = CH 3 ) 192 

A solution of (140; R‘ = R 2 = CH 3 ; 18 g) in tetrahydrofuran (150 ml) was passed at 
reflux (~ 100°C) under nitrogen through a bed of active manganese dioxide (50 g) in such a 
manner that the unreacted aldehyde was continuously recycled while the reaction products 
were concentrated in the reflux pot. After 48 h of reflux and recycling, the solvent and 
unreacted isobutyraldehyde were removed by distillation leaving a viscous oil (yield: 16.7 g), 
containing (G.L.C. analysis and separation) 142; (R‘ = R 2 = CH 3 ) 50%, 141 (R' = R 2 = CH 3 ) 
35%, and by-products (12%). 



The Oxidation of Organic Compounds by Active Manganese Dioxide 


237 


8.4. Conversion of Geraniol into Methyl Geranate 190 

A mixture of geraniol (50 mg) and manganese dioxide (575 mg) in hexane (8 ml) was 
stirred at 0°C for 30 min. Filtration, and removal of solvent, afforded geranial: yield: 48 mg 
(98%). The geranial so obtained was stirred with a mixture of sodium cyanide (82 mg), 
acetic acid (30 ml), and manganese dioxide (575 mg) in methanol for 12 h at 20-25°C, to 
give (after removal of the methanol partitioning between ether and water, and concentration 
of the ether extract) methyl geranate: yield: 51 mg (85-95%). 

This procedure 190 was successfully applied in the conversion of a trans.trans m-triene 
alcohol (a homolog of farnesol) into an ester (used in the synthesis of a juvenile hormone) 217 , 
and also in conversions of a biologically important aldehyde 218 , an annulene aldehyde 190 , an 
cycloheptane ether aldehyde 191 , and an unsaturated sugar (an unsaturated hexose ) 219 into 
their corresponding esters, and conversion of the alcohol 138 in to the ester 139. 191 


8.5. Preparation of l-(4-Acetoxy-2,6,6-trimethyl-2-cyclohexen-l-yl) 2(E)-buten-l-one 

(207 ) 228 

To a suspension of activated Mn0 2 (Attenburrow) (793 mg, 9.1 mmol) in CH 2 C1 2 
(3 ml) was added a solution of (206) (78 mg, 0.31 mmol) in CH 2 C1 2 (3 ml). The mixture 
was vigorously stirred at room temperature for 5 h, and diluted with hot acetone. The 
insoluble materials were separated by centrifugation, and the supernatant liquor was concen¬ 
trated. The crude product was chromatographed (Si0 2 , hexane-AcOEt 5:1) to give 67 mg 
(87%) of (207) as white crystals m.p. 82.0-83.5°C. 


8 . 6 . Manganese Dioxide Oxidation of Solacongestidine (249) 263 

A solution of (249) (82 mg) in chloroform (8 ml) was stirred with active Mn0 2 (0.8 g) 
at room temperature for 4 h until the starting material was no longer defectable by T.L.C. 
(benzene/ethyl acetate, 1:1). The inorganic material was filtered off and washed with 
chloroform. The combined chloroform solution yielded 87 mg of solid, which was adsorbed 
on A1,0 3 (1 g) and placed on a column of A1 2 0 3 (5 g grade 1). Elution with 1% 
methanol/ether furnished 75 mg of crude crystalline product. Recrystallization from 
methanol/acetone gave pale yellow needles of (250); m.p. 198-208°C, which were identical 
with 23-oxosolacongestidine. 

8.7. Oxidation of Exo-allylic Alcohol (274) to the Ketone (275) 302 

The alcohol (274) (4.0 g, 20.3 mM) was added to a stirred suspension of active 
manganese dioxide (Attenburrow) (40.0 g, 406.2 mM) in benzene (200 ml). The mixture was 
refluxed for 4 days under a Dean-Stark water separator. The resulting mixture was filtered 
through Celite and the precipitate extracted with refluxing benzene (2 x 100 ml). The extracts 
were combined with the original filtrate and the solvent was removed. The residue was 
purified by chromatography on silica gel (chloroform-light petroleum 3:1) and recrystallized 
from light petroleum to yield the ketone (275) (2.5 g, 65%); m.p. 45-46°C. 

8 . 8 . Oxidation of DL-4-Hydroxy-3-methoxymandelic Acid (309) to Keto Acid (310) 318 

To a solution of (309) 319 (4 g) in chloroform (280 ml) at 55-65°C was added, with 
stirring, manganese dioxide (10 g) in two portions (about 5 g each) during 30 min. The 
slurry was stirred at ~60°C for 3 h. filtered, and the filtrate concentrated to give brown- 
orange crystals: yield: 1.4 g. 
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The crude keto acid was purified as follows: the product (300 mg) was dissolved in 
chloroform (10 ml), dried (Na ; S0 4 ), and concentrated to ~3 ml. The residue was mixed 
with benzene (6 ml) and carefully concentrated under nitrogen to beginning of 
crystallization; cooling in ice water gave slightly yellowish crystals: [/.£“ cl ' 352 (sh) nm] of 
310; yield; 200 mg (65%); m.p. 81-82°C. 

8.9. Preparation of 2\ 3'-0-Isopropylidene-5 -oxo-6,5'-cyclouridine (342) 388 

Activated manganese dioxide (5.5 g) was added to a solution of (341, 1.1 g) in methanol 
(165 ml), and the mixture was stirred vigorously at room temperature. After 22 h, TLC 
(EtOAc) indicated that the reaction was complete. The suspension was filtered, the residue 
was washed liberally with methanol, and the filtrate was passed through a short column 
(3x6cm) of methanol-washed Dowex 50 (H + ). Removal of solvent afforded a colorless 
solid of (342) (1.01 g, 93%) which was sufficiently pure for the next step; (342) can be 
recrystallized from ethyl acetate. 


8.10. General Procedure for Dehydrogenation of 4,5-Dihydro-1,2-oxazoles 38 

The 4.5-dihvdro-1,2-oxazole (1 g) in dry benzene or 10:1 benzene-dioxane (50 ml) and 
active -/-manganese dioxide 37 (fivefold by weight) is heated under reflux for the required time 
(1-10 h), while the water formed is removed by means of a Dean-Stark trap. The end of the 
reaction is monitored by T.L.C. The solid is filtered through Celite and washed carefully with 
the same solvent. Evaporation of the filtrate leaves as a residue the pure 1,2-oxazole 
(98-100% yield); conversion of 406 into 407. 


8.11. Preparation of 7,7,8,8-Tetracyanoquinonedimethane, TCNQ (414) 318 

To a stirred suspension of the tetrahydro compound 413 487 (10 g) in preheated toluene 
(200 ml 95°C) was added active manganese dioxide (20 g) during 5 min; the temperature 
was raised to 100-110°C and stirring was continued for an additional 10 to 15 min. The sus¬ 
pension was filtered while hot and the solid washed with warm toluene (75 ml; the yellow- 
orange product 414 was isolated on cooling (3.8—4.2 g); concentration gave an additional 
crop; total yield: 5.1-6.2 g. 489 The product was recrystallized from butyl (or ethyl) acetate, or 
acetonitrile, m.p. 295-296°C, lit. 487 m.p. 296°C. 


8.12. Preparation of a-Cyanogiyoxylidenedi-o-toludine (502) 572 

Into a 250 ml round-bottomed flask equipped with a magnetic stirrer, Dean-Stark trap, 
and a reflux condenser was placed activated manganese dioxide (6.96 g, 0.08 mol) in benzene 
(150 ml). The mixture was refluxed for 12 h during which time 0.4 ml of water was collected. 
The reaction mixture was cooled and 2,3-di-o-toluidinoacrylonitrile (501 2.63 g, 0.01 mol) 
was added. The reaction mixture was refluxed for 12 h during which time 0.2 ml of water 
was collected. The hot solution was filtered through a Celite 545 bed to remove the 
manganese dioxide. The manganese dioxide was washed several times with dichloromethane. 
The resulting black solution was evaporated to a black oil. Several recrystallizations alter¬ 
nating between 2-propanol and 65-110 petroleum ether gave yellow-orange needles (502); 
yield: 2.18 g (83%). 


8.13. Oxidation of m-Nitrobenzylidene-o-phenylenediamine 


A mixture of 510b (2 g, 8 mmol) and manganese dioxide (7 g) in benzene (150 ml) was 



The Oxidation of Organic Compounds by Active Manganese Dioxide 


239 


stirred at 10°C for 2 h, yielding a product which was chromatographed on alumina. Elution 
with petroleum ether/benzene gave 475 (511b); yield: 0.48 g (25%); m.p. 208°C. 


8.14. Oxidation of o-(p-Nitrobenzylideneamino)-phenol (512a) 

Treatment of a mixture of 512a (2 g, 8 mmol) and MnO, (8 g) in benzene (150 ml) at 
10°C for 2 h gave 475 5 1 3a; yield; 1.48 g (75%); m.p. 268°C. 

8.15. Oxidation of 3-Hydroxyanthranilic Acid (514) 577 

3-Hydroxyanthranilic acid (514, 500 mg) is dissolved in aqueous N,N-dimethyIfor- 
mamide (16 ml DMF + 5 ml H 2 0). To this solution are added, with stirring, 
NaH 2 P0 4 -2H 2 0 (2.4 g) and Na,HPO„ (0.7 g), followed by active (ACC) MnO : (1.5 g). 
The reaction mixture is stirred at room temperature for 90 min and then drowned in a 
solution of ferrous sulfate in 2 N HC1 (100 ml).* The bright-red precipitate of cinnabarinic 
acid (515) is allowed to settle (preferably with cooling in a refrigerator). The product is 
removed by centrifugation , 7 washed with water and dried. Yield: 450 mg (92%). The 
product may be crystallized from a minimum volume of dimethylformamide. It does not melt 
below 350°C. 

8.16. Preparation of 1,3-bis [a-diazobenzyl] Benzene (617 ) 623 

An Erlenmeyer flask was charged with l,3-dibenzoylbenzene-bis-[hydrazone] (0.251 g, 
0.8 mmol), (616) sodium sulfate (2 g), manganese dioxide (0.70 g, 8 mmol), anhydrous ether 
(125 ml), and a saturated solution of potassium hydroxide in ethanol (0.5 ml). Addition of 
the potassium hydroxide catalyst caused instantaneous formation of the red color of the bis- 
diazo compound. The reaction mixture, which was protected from light by an aluminum-foil 
wrapper, was stirred vigorously for 4 h and filtered; the ether was evaporated, to give a 
quantitative yield of red crystals of 617; a sample recrystallized from cyclohexane had m.p. 
125-126°C (dec.). 

8.17. Synthesis of 4-Diazo-l,2,5,6-tetramethyltricyclo-[3.1.0.0 2-6 ] Hexan-3-one (619) 637 

To a solution of 180 mg of crude hydrazone 618 in 10 ml of CH 2 C1 2 was added 1 g of 
Na 2 S0 4 and 300 mg of freshly activated MnO ; (see note below) in 2 ml of CH 2 C1 2 . The 
reaction mixture was stirred for 1 h at room temperature, subsequently 150 mg of Mn0 2 in 
2 ml of CH : C1 2 was introduced, and the mixture was again stirred for 1 h at room tem¬ 
perature. After filtration over Celite and evaporation of the solvent, about 170 mg of an 
orange oil was obtained that contained, according to a 'HNMR integration, 60-80% diazo 
ketone (the yield varied, depending on the quality of Mn0 2 ). Diazo ketone 619 is thermally 
unstable above 10°C; but when stored at -20°C in solution, it is fairly stable for several 
days. Attempts to purify 619 by preparative TLC and high-pressure LC resulted in decom¬ 
position: therefore, 619 was used without further purification; mass spectrum, found m/e 

148.089, calcd m/e 148.090 (M 7 — N 2 ). 2J 

Activated MnO, was prepared according to the procedure of Attenburrow et al. The 
quality of the MnO, used proved to be critical in order to obtain a good yield of 619. The 
best results were obtained when the wet Mn0 2 cake was partially dried at 50°C in vacuo 
(until it contained 20-30% moisture), stored as such, and activated for every experiment by 
being dried for 16-20 h at 50°C in vacuo with P 2 0 5 as the drying agent. 

* Due to the extreme fineness of the precipitate, the product does not filter well on conventional filter 
apparatus. 

* The solution contains 15 g FeS0 4 -7H,0 per 100 ml 2 N HC1. The function of the ferrous salt is to 
reduce the excess MnO, to a water-soluble Mn ; * salt. 
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8.18. Specific Oxidation of mro-Inosose Phenyihvdrazone 118 

Treatment of mvo-inosose phenyihvdrazone (or any aldehydo- or keto-sugar 
phenyihvdrazone) with manganese dioxide in dilute hydrochloric acid [e.g.. stirring of 
phenyihvdrazone (1 g). MnO, (1 g) in 2.5 N HC1 (250 ml) at 0°-5°C in dark, almost 
neutral solution, pH 6.0-7.0 after 24 h] caused a complete destruction of the inositol moiety; 
the only product isolated was carbazole (90% yield, m.p. 247 C, M + m/e =167). This 
procedure can be useful for a specific oxidative degradation (e.g. metal-catalyzed specific 
generation of hypochlorous ions) of a variety of acyclic, carbocyclic or heterocyclic systems 
(in aqueous or alcohol-aqueous media). 


8.19. Dimethyl ent-3a,13-Dihydroxy-2-oxo-20-norgibberella-l(10), 16-diene- 
7,19-dioate (687 ) 719 

The triol (686) (609 mg) and activated manganese dioxide (ACC ) 25 (6 g) in chloroform 
(30 ml) were stirred for 4 days. Filtration through a pad of “Celite," and evaporation of the 
filtrate and washings, gave a gum (577 mg) which was purified by p.l.c. using ethyl acetate- 
light peteroleum (9:1). Elution of the band at R r 0.35-0.45 gave the ketol (687) (363 mg) 
60% which was crystallized from methyl ethyl ketone-light petroleum as prisms, m.p. 
98-101 °C, m/e (Me 3 Si ether) 534(M + , 48%). 


8.20. Preparation of Methy!(Z)-6-oxo-2-hepten-4-ynoate (182) 741 

A solution of methyl(Z)-6-hydroxy-2-hepten-4-ynoate (181, 450 mg in 10 ml of 
methylene chloride) was treated with 1.2 g of active manganese dioxide (ACC ) 25 for 24 h at 
25°C. After removal of MnC ) 2 and the CH 2 C1 2 , unreacted starting material (100 mg) was 
separated from product (182) (260 mg, 74% based on unrecovered alcohol) by flash 
chromatography (silica gel/ether). The product, a yellow oil, exhibits UV (95% ethanol) 
/. max 264 nm (r. 9800). 


8.21. Preparation of 3-(2-Deoxy-3,5-di-0-p-toluol-/?-D-erytropentofuranosyl)- 
6,7-dihydroimidazo[4,5-d] [ 1,3]diazepin-8(3H )-one (312) 743 

A suspension of 500 mg (0.00 mmol) of 311a and 311b (84:16 8 S/ 8 R mixture), 2.5 g of 
activated Mn0 2 and 20 ml of pyridine was stirred at room temperature for 19 h. The 
mixture was filtered over Celite, concentrated at 40°C (1 Torr), and then coevaporated twice 
with toluene. Purification of the residue by silica gel flash chromatography, with 3:97 
MeOH-EtOAc and then by 5:95 MeOH-EtOAc as eluants, gave 80 mg (15%) of the 
recrystallized ketone (312) (m.p. 138-142“C). 


8.22. Preparation of 6-Methoxy-4-methylbenzofuran-2-carbaldehyde (300) 747 

The alcohol (6-methoxy-4-methylbenzofuran)-2-ylmethanol (299) (13,0 g) was stirred 
and heated under reflux in benzene ( 1.1 1) with activated MnO : (110 g) in a Dean-Stark 
apparatus for 2 h. The oxide was then filtered off and was washed with boiling ethyl acetate. 
Work-up of the filtrate and washings gave the aldehyde (300) (9.4 g, 71%) as needles from 
methanol, m.p. 129-130°C. 

8.23. Preparation of 8-Methoxy-3.4-dihydroisoquinoline (417) 750 

A mixture of 200 mg (1.23 mmol) of tetrahydroisoquinoline (415) and 500 mg 
(5.75 mmol) of manganese dioxide (ACC ) 25 or y-Mn 6 2 19 in 10 ml of CH : C1 : was stirred at 
23"C for 12 h, after which an additional 250 mg (2.87 mmol) of MnO : was added. After a 
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total of 40 h, the reaction mixture was filtered, and the filtrate was evaporated, affording 
178 mg (1.10 mmol, 89%) of dihydroisoquinoline (417). The 8-methoxyisoquinoline (416) 
impurity was present by NMR < 10%. 

8.24. Preparation of Azobis (Benzocrown Ether) 703 (5,5) 753 

To a solution of the amine (702) (300 mg) in 40 ml of dry benzene, freshly prepared 
MnO, (ACC) 25 (300 mg) was added and the mixture was stirred at 100°C for 3 h. About 
half of the benzene solvent was distilled off during this period. The hot mixture was filtered, 
the filtrate being evaporated to dryness in vacuo. The oily residue thus obtained was subjec¬ 
ted to column purification (alumina-chloroform). The chloroform eluent was evaporated to 
dryness and the crystallization of the residue from diethyl ether gave orange crystals of 703 
(5,5), m.p. 143.7-145.5°C: yield 40%. 


Acknowledgment. The author expresses appreciation to Dr. Robert S. Tipson for reading 
the manuscript. 
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Reactions with Manganese (hi) Acetate 


W. J. de Klein 


1. INTRODUCTION 

Oxidations with manganese (III) acetate can be broadly divided into two classes: 

1. Direct inner- or outer-sphere one-electron oxidation of the substrate after formation 
of an inner- or outer-sphere substrate-Mn(III) complex. Often subsequent oxidation 
of an intermediate radical is product determining. Numerous examples can be found 
in oxidations of alcohols, amino- and thio-compounds, carboxylic acids, and certain 
aromatics. 

2. Indirect oxidation of the substrate after formation of an intermediate adduct free 
radical from interaction of manganese (III) acetate and an enolizable compound and 
subsequent addition or substitution of this radical to the substrate. Most examples 
here refer to aromatic substitution and oxidative addition of enolizable compounds to 
unsaturated systems. 

Besides giving its synthesis and properties the first six paragraphs of this chapter on 
manganese (III) acetate deal with addition reactions of compounds, mostly bearing a 
hydrogen atom alpha to a carbonyl group, to olefinic and aromatic unsaturated systems. The 
essential sequence of such reactions is given by 

O O 

II I II I 

-C-C-H + Mn(III)-► — C —0 + Mn(II) + H + 

I I 

o o 

II I I I II I I I 

-c-c- + c=c-► -c-c-c-c- 


W. J. de Klein . Akzo Research. Corporate Research Department. 6800 AB Arnhem, The 
Netherlands. 


261 



262 


W. J. de Klein 


The fate of the primary adduct radical strongly depends on reaction conditions and the 
nature of the substrate. Substrates that are less reactive to common oxidants are more 
interesting since here the unique properties of manganese (III) acetate as a free radical 
generator can be more fully exploited. 

The direct inner- or outer-sphere one-electron oxidations with manganese (III) acetate 
are presented according to functional group in Section 8. These oxidants bear many 
similarities with respect to a given substrate class with other one-electron oxidants like 
Co(III), Ce(IV), and some two-electron oxidants like Tl(III) and Pb(IV). It is often observed 
that owing to its lower reactivity, higher selectivities can be obtained with manganese (III) 
acetate as compared with other oxidizing agents. Many of these reactions proceed according 
to the simplified scheme 

Mn(III) + substrate-* intermediate radical + Mn(II) 

Mn(III) + intermediate R--* product + Mn(II). 

Complications may arise in the presence of water since water induces disproportionation of 
trivalent manganese into Mn(IV) and Mn(II) and alternative two-electron oxidations by 
Mn(IV) may take place. 


2. SYNTHESIS AND PROPERTIES OF MANGANESE (III) ACETATE 

Although a great amount of work has been done using manganese (III) acetate as an 
oxidizing agent, relatively little is known of the compound itself. Basically two forms are to 
be distinguished: 

• The hydrated form, which conforms with a molecular formula Mn(III) 
(OAc), • 2H 2 0, color cinnamon brown, easy to prepare reproducibly. 

• The anhydrous form, color dark brown, difficult to prepare reproducibly, molecular 
formula variable. 

Since many oxidations with manganese (III) species are known to be influenced by small 
amounts of water the latter form is preferred by many workers, especially for kinetic work. 
Moreover, small amounts of water cause disproportionation of Mn(III) acetate in glacial 
acetic acid. 1 Both the hydrated and anhydrous form have been made in various ways. Many 
workers introduced special modifications, which certainly have affected the chemical com¬ 
position and reactivity of the anhydrous form. In Table I the most important routes to 
manganese (III) acetate are given. 

The solubility of manganese (III) acetate in acetic acid depends on the synthetic 
procedure used and the water content of the acetic acid. The compound should be dissolved 
by gentle heating. Table II gives some pertinent results. 


TABLE I. Routes to Manganese (III) Acetate 


Reactants 

Oxidizing agent 

Product 

Reference 

Mn(OAc), • 4aq, HOAc 

KMn0 4 

Dihydrate 

2,3 

Mn(NO,); 6H,0, Ac,0 

HNOj 

Anhydrous 

4,5 

Mn(OAc) ; . HOAc, Ac ; 0 

KMnO* 

Anhydrous 

6, 7,8 

Mn(OAc), 

o, 

Anhydrous 

7 

Mn(OAc)j • 4aq 

Anodic oxidation 

Dihydrate 

9 

Mn(OAc), • 4aq 

Cl 2 

Dihydrate 

10 

Mn(OAc)j.(Et),N. HOAc 

O, 

Dihvdrate 

11 

Mn(OAc) : , ketone 

o 2 

Anhydrous 

12 
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TABLE II. Solubility of Manganese (III) Acetate in Acetic Acid-Water Mixtures 


Manganese (III) acetate 

HOAC 

g/liter dissolved 
(°C) 

Reference 

Anhydrous 

100% 

10(25) 

6 

Anhydrous 


3(25) 

7 

Anhydrous 

98% 

150(25) 

7 

Anhydrous 


Nil 

7 

Dihydrate 

100% 


7 

Dihydrate 

99% 

Very low 

7 


Since the dihydrate dissolves poorly in water containing acetic acid, the anhydrous form 
is soluble in such systems only in a very limited range. Moreover, water causes dispropor¬ 
tionation of manganese (III) species. 

In acetic acid-water mixtures containing larger amounts of water, manganese (III) 
acetate hydrolyzes slowly to mixtures of Mn(OH) 3 and MnO ; . 

In the following sections synthesis and properties of hydrated Mn(III) acetate and its 
anhydrous form will be treated separately. 


2.1. Anhydrous Manganese (III) Acetate 

Hessel 7 has studied the synthesis and chemical constitution of manganese (III) 
acetate in detail. He finds that the chemical constitution of anhydrous manganese (III) 
acetate conforms to the experimental formula Mn 3 (CH 3 COO) 8 OH or [Mn 3 0 
(CH 3 COO) 6 CH 3 COOH] + (CH 3 COO)~. When the compound is properly washed and 
recrystallized this empirical formula is independent of the chemical route followed, viz., 
oxidation with KMn0 4 , Pb(IV) acetate, or 0 3 of manganese (II) acetate or treating 
Mn(N0 3 ) 2 6H,0 with acetic anhydride. In the literature treated by Hessel and also in later 
work the anhydrous form is usually indicated as Mn(OAc) 3 . This is certainly erroneous and 
mostly due to improper analytical procedures. A disadvantage of Hessel's purification 
method is that the anhydrous manganese (III) acetate is treated with water. The route 
developed by Vaerman 12 and going back to earlier work of van Helden and den Hertog, 
although claiming the production of Mn(OAc),, in fact produces acetic acid-formic acid 
mixed complexes of Mn(III) when acetone is used as a ketone. Formic acid, formed by 
autoxidation from the ketone, is bound by both Mn(II) and Mn(III) acetate. These mixed 
acetate-formate complexes are less soluble in the medium used than manganese (III) acetate 
proper. 

The crystal structure of anhydrous manganese (III) acetate was studied by Hessel 
and Romers. 713 These authors assume a linear polymer with empirical formula 
[Mn 3 0(0Ac) 6 • AcOH • OAc]„. In the monomer unit three manganese atoms are connected 
by three pairs of acetate bridges and form an equilateral triangle with an oxygen atom in its 
center. Acetic acid molecules and acetate bridges between the monomer units complete the 
distorted octahedral coordination of the manganese atoms. 

In solution a molecular weight of 640±75 is found 7 and as best representation the 
following structure is proposed: 

[Mn 3 0(0Ac) 6 - 3 AcOH] + [OAc]~ 

Here the octahedral coordination of the manganese atoms in the trinuclear complex is com¬ 
pleted by three acetic acid molecules. 

Infrared spectra of anhydrous manganese (III) acetate prepared by a slightly different 
procedure are described by de Klein 1 and Hessel. 7 Both authors assume the presence of 
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acetic acid in the solid compound, although the absorption maxima assigned to acetic acid 
are at 1730 1 and 1710 cm' 1 . 7 respectively. At present infrared spectroscopy possibly offers 
the fastest technique to check the quality of anhydrous manganese (III) acetate. 

The ultraviolet spectrum in glacial acetic acid is sensitive to the presence of water, 
manganese (II) acetate, and other acetates like sodium or potassium. 1,8 The effect of addition 
of manganese (II) acetate differs from that found of other metal acetates. This change in 
spectra of manganese (II) acetate is tentatively ascribed to formation of a Mn(III)—Mn(II) 
interaction complex of mixed valence. This rationale also explains the retarding influence of 
Mn(II) acetate (formed in reaction) upon the rate of Mn(III) acetate oxidations in acetic 
acid. 

In Figs. 1 and 2 the spectral changes are given of manganese (III) acetate as found upon 
the addition of manganese (II) acetate and potassium acetate, respectively, in the region of 
600-360 nm (16.6-27.7 kK). Further absorption maxima of manganese (III) acetate in 
glacial acetic acid are reported by de Klein' at 37.8 kK (E max = 4 x 10 3 ), 34.2 kK 
( £ ma« = 3.5 x 10 3 ), and 21.6 kK (£ max = 310), and by Szymanska-Buzar 14 at 34.5 kK 
(c max = 8900), 29.6 kK (c max = 3650), and 21.8 kK (c max = 905). The appreciable differences 
found by these authors can be ascribed to impurities such as manganese (II) acetate or dif¬ 
ferences in procedure of preparation of manganese (III) acetate. 

The reflection spectra of solid anhydrous manganese (III) acetate, mixed with MgO, are 
given by Szymanska-Buzar. 14 The magnetic susceptibility of anhydrous manganese (III) 



- _► nm 

FIGURE 1. Influence of manganese (II) acetate on the absorption spectrum of manganese (III) 
acetate in acetic acid in the region of 600-360 nm [Mn(III) acetate] = 1.9 mmol liter' 1 . 
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FIGURE 2. Influence of potassium acetate on the absorption spectrum of manganese (III) acetate in 
acetic acid in the region of 600-360 nm [Mn(III) acetate] = 2.25 mmol liter -1 . 

acetate in the region of 77 K (/t e(r = 3.4 /rB) to 294 K (^ efr = 4.37 ^B) is reported by 
Szymanska-Buzar. 14 

Using electron spin resonance de Klein 1 studied the disproportionation of manganese 
(III) acetate in acetic acid, assumed by many authors to explain their kinetics of oxidation. 
In glacial acetic acid at room temperature no evidence for disproportionation could be 
found. However, Kochi 8 using the same technique but a manganese (III) acetate quality that 
contained Mn(II), reports that essentially identical K D values are found for anhydrous 
manganese (III) acetate and its dihydrate. At room temperature disproportionation of 
manganese (III) acetate is induced by water. 1 Table III gives some values of K D obtained in 
this manner. 

TABLE III. Influence of Water on the 
Disproportionation Constant K D at Room 
Temperature in Acetic Acid-Water Mixtures 
K d = [Mn(II)] • [Mn(IV)]/[Mn(III)] 2 


Vol. % H 2 0 

Ko 

1 

7.6 x tO -6 

4.7 

8x 10 -6 

9.1 

3x 10 -5 

16 

8x 10 -4 
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Anhydrous manganese (III) acetate dissolves slowly in most solvents at room tem¬ 
perature. It can be dissolved in many solvents without appreciable reduction by gentle war¬ 
ming. Examples are ethanol, pyridine, and to some extent benzene and chloroform. It reacts 
at relatively low temperatures (70°C) with enolizable solvents such as acetone or methyl 
ethyl ketone, but is less reactive with simple esters like ethyl acetate. It is hardly soluble in 
acetonitrile and petroleum ether and decomposes in water. It exchanges acetate for car¬ 
boxylic acid when dissolved in such acids. 


2.2. Manganese (III) Acetate Dihydrate 

The preparation of manganese (III) acetate dihydrate was first described by Christensen 
in 1883 2 and later elaborated in more detail. 3 It has been prepared by oxidation of 
manganese (II) acetate tetrahydrate by potassium permanganate, 2 3 ' 15 chlorine, 10 and anodic 
oxidation. 9 

The chemical constitution of the dihydrate comes close to Mn(OAc), ■ 2H 2 0. 15 7 Von 
Weinland 16 has proposed the structural formula [Mn 3 (OAc) 6 (H 2 0) 2 ](0Ac) 3 • 4H 2 0. 

The magnetic susceptibility was studied by de Haas. 17 At low temperatures the materia! 
behaves anomalous magnetically, possibly due to mixed para- and ferromagnetism. The 
uv-spectrum of the dihydrate in acetic acid shows a broad absorption band with a maximum 
at 445 nm, l! compared with 462 nm for the anhydrous form. 1 The solubility of the dihvdrate 
in common solvents is similar to that of the anhydrous form. 


3. OXIDATIVE ADDITION REACTIONS OF ACIDS 
TO OLEFINIC UNSATURATED SYSTEMS 

One of the more outstanding reactions initiated by manganese (III) acetate found by 
Bush and Finkbeiner 20 and Heiba and Dessau 21 is the oxidative addition of carboxylic acids 
to olefins leading to y-butyroiactones. This reaction has been proven to be generally 
applicable, as exemplified by many workers, although lactones are not always major 
products. 

The course of the reaction and the formation of other major products depends largely 
on the nature of the substrate olefin, reacting acid, and on reaction conditions. There is now 
general agreement on the mechanism of this reaction together with its main side reactions. 
The major reactions involved in the Mn(III) acetate initiated addition of acetic acid to an 
a-oiefin in acetic anhydride-acetic acid mixtures are given in Scheme l. 22 From this 
mechanistic scheme the following basic requirements for oxidative addition can be drawn: 

1. Direct generation of carboxyalkyl radicals. In the free acids this is largely limited to 
acetic, propionic and readily enolizable acids like cyanoacetic acid, 23 the major com¬ 
peting reaction being formation of carboxylradicals RCOO\ In the presence of excess 
anhydride, carboxyalkyl radical formation is favored and a larger variety of acids can 
be used. 22-24 

2. No oxidation of the primary formed carboxyalkyl radical. In this respect groups 
increasing the electron density on carbon a to the carbonyl group increase the 
propensity of carboxyalkyl oxidation by Mn(III). 

3. Rapid addition of the carboxyalkyl radical to the olefin. The reactivity of various 
olefins towards the carboxymethyl radical was studied by Heiba 23 and is found to be 
governed by the stability of the intermediate adduct radical and steric considerations. 
Recently McQuillin and Wood 25 found evidence that some carboxyalkyl radicals may 
add reversibly to olefins. Slow addition may lead to competing reactions such as 
allylic hydrogen abstraction. 



SCHEME 1 


Mnllll) acetate + acetic anhydride-- Mn(II)acetate + acetic acid + 


R-C = CH, + -CH,-C 


R-C-CH,-CH.-C 


H O O 

I ./ ./ 

R-C-CH,-CH.-C -t-CH.-C 


R-C-CH,-CH.-C 


R-C-CH,-CH.-C 


► Teiomer acids 


•CH CH.-C 


R-C-CH,-CH.-C 


Reaction with solvent 
to y-acetoxy acid 


R-C-CH,-CH.-C 


C = Q CH, —C 


Intramolecular cyclizatton 
to -/-lactone 

H 

^•r-c-ch, 

/ V 

O CH. 

\ / 

C 


R'-C = C-CH,-CH.-C 


R -C = C — CH.-C 


O 
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4. Rapid oxidation of the intermediate adduct radical to carbenium ion. This is favored 
by a high Mn(IIl) concentration, high acid concentration, and high acetate concen¬ 
tration. The structure of the carbenium ion will determine whether lactonization or 
elimination of a proton to form a new unsaturated carboxylic acid will predominate. 
Moreover, with excess anhydride, formation of y-acetoxyacid will compete strongly 
with ring-closure of the anhydride to a y-lactone: 


O 

/ 

R CH —CH, —CH-, —C 

\ 

O 

/ 

ch 3 -c 

\ 

o 


Also this step is sensitive to small amounts of Cu present, 26-27 which leads to mixtures 
of y- and d-unsaturated carboxylic acids. Low manganese (III) concentrations may 
lead to a chain transfer reaction of the intermediate adduct radical with the 
solvent 28 * 2 resulting in saturated carboxylic acids. When under these conditions high 
olefin concentrations are applied telomer or polymer products are formed. 22 

Since so many parameters control effective lactone production, a large variety of reac¬ 
tion conditions is known in the literature. Three main media are put into practice: acetic 
acid-potassium acetate or sodium acetate mixtures 21 ; acetic anhydride-acetic acid 
mixtures 20 ; acetic anhydride-acetic acid-potassium acetate or sodium acetate mixtures. 29 
Each may be used in its own right, depending largely on structural constraints of the sub¬ 
strate olefin. As a result of a number of investigations there is a wealth of data concerning 
structural requirements for lactone formation. Since unfortunately reactions are rarely 
otimized and reaction conditions vary widely, interpretation of these data is rather 
speculative outside the general lines given above. Table IV covers the known examples of 
oxidative addition of acetic acid to more simple olefins. In Table V the results of oxidative 
addition of other acids, notably propionic and cyanoacetic, are summarized. Table VI treats 
the oxidative addition to cycloaliphatic systems. From cyclohexene and cyclopropene poor 
yields of lactone are obtained. However, the acetoxy or propionoxy acids obtained may 
readily be converted to y-lactones by heating or alkaline hydrolysis followed by acid- 
catalyzed ring closure. 

In this way yields of over 50% can easily be obtained. The side products in I-methyl- 
cyclohexene are interesting in that exo-cyclic cyclohexene derivatives are formed in rather 
high yields. 

Table VII shows that the scope of lactone formation is not limited to simple olefins and 
that the site of attack of the carboxyalkylradical may be rather specific, as exemplified in the 
indene derived and benzofuran system. 

Typical results of reactions of terpenes and related compounds are shown in Table VIII. 
From the examples given it is clear that the reactivity of the double bonds in terpenes 
towards carboxylalkyl radicals differs widely. Reaction may lead to a relatively simple 
product, as in the case of norbomene, 10 or to a complicated mixture of y-endo and spiro-lac- 
tones and <5-lactones as in the case of bomene, 31 reflecting extensive rearrangement of inter¬ 
mediate carbenium ions. The main products of oxidation of p-a,/f,/f-tetramethylstyrene 29 may 
be derived from a-isopropyl-p-methylstyrene arising from the first-mentioned compound by 
double bond isomerization. 
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TABLE IV. Oxidative Addition of Acetic Acid to Simple Olefins 


R, 

R, 


R, _ R, 


CH.COOH 

C 

r/ 

V R, 



ii 

o 


R, 

r 2 

Rj 

R« 

% Other main 

•/-lactone products 

Refer¬ 

ence 

QH, 

CHj 

H 

H 

80, 30" 

20 

QH, 

H 

H 

H 

75. 39 


c s h, 

H 

CH, 

H 

21 


c 6 h,ch. 

H 

H 

H 

16 


C 6 H s 

H 

H 

QH, 

20 


(CHj), C 

H 

H 

H 

12 


QH, 

QH, 

H 

H 

+ 


QH, 

H 

H 

H 



C,H, 

CH, 

H 

H 



(CHj)j C 

H 

Cl 

H 

- 


H 

H 

H 

H 

73 

32 

c 6 h, 

H 

H 

CH, 

79 

21 

QH, 

CH, 

H 

H 

74 


QH„ 

H 

H 

H 

74 


c,h 7 

H 

H 

c,h 7 

44 


QH, 

H 

H 

H 

60 


QH, 

H 

H 

QH, 

16 


C,H„ 

H 

H 

H 

18 

33 

H 

H 

H 

H 

38 

34 

CH, 

CHj 

H 

H 

30 

23 

(CH,),C 

H 

H 

H 

48 


QH, 

H 

H 

CH, (trans) 

79 


c 6 h 5 

H 

H 

COOCH, 

45 


CH, = CH(CH,) : 

H 

H 

H 

24 


CH 2 = CH(CH,) 4 

H 

H 

H 

26 


ch 2 =ch 

H 

H 

H 

30 


CH 2 = C(CH 3 ) 

H 

H 

H 

13 + 37 


CH,=CH 

CH, 

H 

H 

37 


CH,C = C(CH,LCH, 

, H 

H 

H 

50 


CHiCfHs 

CH, 

CH, 

CH, 

Minor) 

29 

CH,C 6 H 5 

(CH,) 2 C h 

H 

Major i 

C.H, 

H 

H 

H 

19 CH,(CH 2 ),CH(CH,),COOH 

1 

OAc 61% 

CH, 

35 

C 2 H 5 

H 

CH, 

CH, 

| 

55 CH,-CH,-C-C=CH, 

1 

CH, 22% 

1 

COOH 
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TABLE V. Oxidative Addition of Some Carboxylic Acids to Simple Olefins 



i 

o 


R, 

R, 

R.3 

R< 

Rs 

Re 

% 

y-lactone 

Other main 
products 

Refer¬ 

ence 

C*H S 

ch 3 

H 

H 

CH, 

H 

25 


36 

c*h 5 

ch 3 

H 

H 

CN 

H 

57 


36 

c 6 h< 

h 

H 

H 

ch 3 

H 

50 


21 

(CH 3 ) 3 c 

h 

H 

H 

CN 

H 

+ 


34 

(CHj) 3 C 

h 

H 

H 

CH, 

COOEt 

44 


34 

(CH 3 ),CH 

CH, 

H 

H 

ch 3 

COOEt 

48 


34 

(CH 3 ) 3 c 

H 

H 

H 

H 

COOMe 

15 


34 

c 6 h, 

H 

H 

H 

CN 

H 

41 


23 

CeHn 

H 

H 

H 

CN 

H 

60 


23 

c 6 H 5 

ch 3 

H 

H 

CN 

H 

43 


23 







57 


36 

c 3 h 7 

H 

H 

C,H 7 

CN 

H 

49 


23 

c 6 h 5 

H 

H 

CH, 

CN 

H 

51 


23 

H,C = C(CH,)H 

H 

H 

CN 

H 

5 


33 

CH, = CH 

CH, 

H 

H 

CN 

H 

39 



c 6 H I3 

H 

H 

H 

CH, 

COOHH 

25 


23 

c 4 h 9 

H 

H 

H 

ch 3 

H 

15 

40% l-methyl-4- 

37 








propionoxy-octanoic acid 









+ 37% 1-methyl-octanoic acid 


ch 3 

ch 3 

C 2 H 5 

H 

ch 3 

H 

28 

CH 3 CH,CH — C(CH 3 ) 2 —O Prop 

37 


CHCOOH 


CH 3 (28) 

CHjCHjCH - C=CH, 

I I 

CHCOOH CH 3 

I 

CH 3 (30) 


4. Mn(III) ACETATE-INITIATED ADDITION OF ALDEHYDES 
TO OLEFINIC UNSATURATED SYSTEMS 

Most free radical additions of aldehydes to olefins yield ketones as main products. Thus 
the peroxide, 51 ' 52 y-radiation, 51 ' 53 and oxygen 54 initiated addition of aldehydes to 1-alkenes 
provide a convenient method for the synthesis of ketones. The acyl radical R —C = 0 is 
believed to be formed as an intermediate in these systems. In the presence of manganese (III) 
acetate a free radical addition of aldehydes to olefins is also observed. However, depending 
on reaction conditions, both the expected ketones and rather unexpected aldehydes can be 
formed. The primary intermediate from the interaction of manganese (III) acetate and the 
aldehyde is the formylalkyl radical 55 


R-CH-CHO 

Formation of acyl radicals R —C = 0 by chain transfer can be largely suppressed by working 
at high manganese (III) acetate concentrations and by addition of small amounts of Cu(II) 
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Table VI. Oxidative Addition of Carboxylic Acids to Cycloaliphatic Systems 


Olefin 

y-Iactone (% yield) 

Other mam products 

Reference 

o 

0> 

(62) 




0 

ov 

(10) 

<^>-OAc 

(22) 

20 

0 

o> 

(12) 

OAc 

^k^CH,COOH 

(50) 

39 

0 

0$-o 

CH, 

(5) 

O Prop 

A.CHCOOH 

Oh, 

(27) 





Prop 

(35) 





^XH-COOH 

C^CH, 

(33) 


a 


(13) 

OAC 

£^pCH,COOH 

(69) 

39 

a 

CH, 

(12) 

O Prop 

j^N-CHCOOH 

CH, 

(40) 

39 

a 

CH, 

(13) 

CH, 

C^J-CHCOOH 

O Prop 

(40) 

37 




C^t-CHCOOH 

(35) 


a 





38 







0 

Cr% 




38 







6 


(33) 

|^j-CH : COOH 

(41) 

39 


Table continued 
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Table VI. (Continued) 


Olefin 

-/-lactone (% yield) 

Other main products 

Reference 

6 

(23) 

r'S-CHCOOH 

CH, 

OPr 

(36) 

39 

6 

4 

(Jf (28) 

pO Prop 
rS-CHCOOH 

(30) 

37 



fVCHCOOH 

CH, 

(22) 




Prop 

(20) 


6 

No lactone 

j^j-CHXOOH 


40 



j'^pCH-COOH 

AcO. i 

/VCH.COOH 




acetate. 56 In the latter case unsaturated aldehydes are formed. In the absence of polar 
solvents like acetic acid, manganese (III) acetate concentration is low and ketones are for¬ 
med in high yield. 57,58 With regard to the substrate olefins the yield of saturated versus 
unsaturated aldehydes and other products largely depends on the structure of the inter¬ 
mediate adduct radical: The ratio of oxidation to hydrogen abstraction by chain transfer 
increases from secondary radicals to tertiary radicals. Moreover, the rate of oxidation of 
bulky tertiary radicals increases as the radical is more sterically hindered, whereas hydrogen 
abstraction rate by chain transfer decreases. 56 Thus 1-alkenes yield primarily saturated 
aldehydes and acetoxy-aldehydes. whereas internal olefins and vinylidenes give mixtures of 
saturated and unsaturated aldehydes but no acetoxy-aldehydes. A complication of these reac¬ 
tions is the formation of extensive amounts of telomers. However, this can be suppressed by 
working at low olefin concentrations. Separation of products from telomers in most cases can 
be done quite easily by distillation. 

The most important reaction sequences are given in Scheme 2. Since the formation of 
ketones is largely suppressed by addition of Cu(II) and at high Mn(III) concentrations, acyl 
radicals are most probably mainly formed via chain transfer of intermediate adduct radical 
(compound A in Scheme 2) with aldehyde rather than chain transfer of formyl alkylradicals 
with aldehyde. 

Table IX gives some pertinent results. Yields in this table are given with respect to 
oxidant consumed per mole of product. They rather reflect selectivity of formation of the 
volatile reaction products but not absolute yields. When the corresponding olefins and 
aldehydes are available the present method forms an elegant synthetic route towards a-aikyl 
substituted aldehydes otherwise prepared by the Darzens glycidic ester condensation or 
dehydrogenation of alcohols. 
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TABLE VII. Oxidative Addition of Acetic Acid to Complex Olefins 


Substrate Lactone t% yield) Other main products Reference 


Cg 

Benzofuran 



OCH, 

l-Methoxv-methyl-indene 

03 

OH 

1 -(3-Hydroxyoctyi )indene 


O 



O 


/V-Vinylphthalimide 

O 

(^N- C = C 

O 

.V-Vinylsuccimmide 


O 

i 



O 


•V-VinvI-o-sulfobenzimide 



CH,OAc 


41 


42 


42 


43 


5. Mn(III) ACETATE-INITIATED ADDITION OF KETONES 
TO OLEFINIC UNSATURATED SYSTEMS 

Organic peroxides 62,63 and y-radiation have been used to initiate the radical addition of 
ketones to olefins, although surprisingly little on such reactions is reported in the literature. 
The one-electron oxidation of enolizable ketones by manganese (III) acetate has offered a 
new and convenient method for the generation of a-oxo alkyl radicals 64,65 useful in a number 
of synthetic routes to saturated and unsaturated ketones, substituted dihydrofurans, 
tetralones, and diketones. Although yields in most cases are oniy moderate, this reaction may 
still be the method of choice when the substrate olefins and ketones are readily available. 
Reactions have been performed with a great variety of ketones and olefins. The reactions are 
generally accelerated by addition of acetic acid, although product patterns may change. In 
the presence of Cu(II) acetate unsaturated adducts are formed. 

5.1. Formation of Higher Saturated. Unsaturated, and Acetoxy-Ketones 

In the presence of manganese (III) acetate simple ketones iike acetone, methyl- 
ethylketone, cyclic ketones, a- and /J-diketones like pyruvic ester, and acetyl-acetone can be 
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TABLE VIII. Oxidative Addition of Acetic Acid to Terpenes 


Substrate 


Reference 


d-Carvomenthene 


Main product 


1 -p-Menthanol-2-yI- 
acetic acid lactone 


d-Limonene 


y°-<° 

l-p-Menthene-8-ol- 
9-yl-acetic acid lactone 


°'C'° 


Camphene 

Longifolene 


( + ) />-Menth-l-ene 
( = d-carvomenihene) 


vr °= c r <™' 0 ^ 0 


Mixture 
ally! acetates 
(major product 
with lactone) 


( + ) a-Pinene 


{ + ) Carene-3 


Lactone » minor prod 




^ Major acetate 
J a-terpinel 

-OAc acetate 
^ Mixture unsaturated 
acetates = major 
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TABLE VIII. l Continued) 

Substrate Product Reference 




RCH,CHO Mn "" U RCHCHO " CH!CH - ° RCH,CO 


RCH,CO + R,CH 3 CH =CH, 


R,CH,CHCH,COCH,R 


Saturated ketone 


RCHCHO+ R,CH ; CH=CH 2 -• R.CHXHCHXHCHO 


Saturated aldehyde 


R.CHXHCHXHCHO . . . R,CH =CHCHXHCHO 


R,CH,CH = CH -CHCHO 


RXHXHCHXHCHO R,CH,CHCH : CHCHO 


OAc R 


RCH ; CHCH,CHCHO RCH;CH ° . RCH,CO + Saturated aldehyde 


R 






TABLE IX. Addition of Aldehydes to Unsaturated Systems 
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Propionaldehyde 1-Nonene 60 HOAc Cu(II) C 6 H,j —C'^C 11 —CH 2 —CH —CHO 



Butyraldehydc 1-Hexene 60 HOAc Cu(II) C 3 H 7 -CH = CH — CH 2 — CH-CHO 
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- Where ihc sum of products given exceeds 50%, the percentages given are the percentages of volatile reaction products with respect to manganese (111) consumed on a 
stoechiometric basis. Total yield is usually <50%. 
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OHD 
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Ratio of (i,y - and y,d unsaturated aldehyde is 0.25. 
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AcCH = CHCHC 6 H 



Acetoacetic- 1-Heptene Cu CHCH 2 CH = CHC„H 
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added readily to a variety of olefins like a-olefins, styrene, isobutylene, hydroxy-functional 
olefins, and 1-alkynes (Table X). In the absence of added acetic acid the reaction is relatively 
slow and yields mainly saturated adducts. When acetic acid is added in low amounts and the 
reaction is performed at higher temperatures much of the manganese (III) acetate goes in 
solution and oxidizes the primary ketone-adduct radical. Thus under such conditions large 
amounts of acetoxyketones will be formed together with unsaturated ketones: 

O O 

II II 

rcch 2 - + r,ch=ch ; -► r,ch-ch ; ch 2 cr 

o 

-^^R.CH-CHXHXR 

I 

OAc 

When saturated adducts are the products of choice and a fast reaction is wanted, such reac¬ 
tions can best be performed by slowly adding both manganese (III) acetate, to obviate 
oxidation products, and olefin, to suppress teiomerization. 28 to the ketone. 

The effect of the structure of a-oxo-alkyi-radical on rate of addition to unsaturated 
systems was clearly demonstrated by Vinogradov, 68 primary radicals adding more readily on 
alkenes and alkynes than secondary and tertiary radicals: 

o o o 

II II II 

•CH : C— > RCHC— S>(R) ; CC — 

The rate of recombination of secondary a-oxo-alkyl radicals with formation of 1,4-diketones 
approaches that of the addition to unsaturated systems and the tertiary a-oxo-alkyl radicals 
are further oxidized by excess manganese (III) acetate. 

There is no uniformity in the major site of attack by manganese (III) acetate on simple 
asymmetric ketones like methyl-ethyl ketone. Vinogradov 68 claims preferential formation of 
the secondary radical 


O 

II 

ch,cchch 3 


whereas Okano 76 finds more of l-acetoxy-2-butanone than of 3-acetoxy-2-butanone upon 
oxidation of methyi-ethyl-ketone by manganese (III) acetate, which is more in line with 
similar unpublished results of the present author. Also Heiba 77 reports preferential formation 
of the least substituted a-ketoradical. This divergence of conclusions may partly come from 
the widely different reaction conditions used. Chain transfer from primary radicals to 
methylene groups such as 


O O 

II II 

•ch : cch : ch 3 + ch 3 cch,ch 3 

o o 

II II 

-► ch 3 ccchch 3 + ch,cch,ch 3 


can occur to different degrees. 
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In activated ft- diketo-systems like aceto acetic ester and acetyl-acetone exclusive for¬ 
mation of secondary radicals 


O O 

II II 

CHjCCHCY 

takes place 69 ' 71 with manganese (III) acetate whereas peroxides form both primary and 
secondary radicals. In y-keto ester or y- or d-ketoacetoxy compounds. 

O 

II 

CH,CCHXH 2 OAc 


the ratio of primary to secondary radicals formed approaches unity. Addition of Cu(II) 
acetate results in formation of unsaturated ketones. The ratio of fi-y to y -S unsaturated 
ketones depends on a number of structural factors 69,72 : 


O O 

RCCH 3 4- R,CH,CH =CH, MnUll) . RCCHXH, = CHCH,R, 

O 


H 


rcch 2 ch 2 ch=chr, 


V-S 


In keto esters the amount of p-y unsaturated adduct increases with the separation of keto 
and ester groups. Thus pyruvic and acetoacetic ester form exclusively y-<5 unsaturated 
adducts with 1-heptene, whereas methyllevulinate, CH-, CO(CH 2 ) 2 COOMe, forms 40% (i-y 
and 60% y-S adduct with 1-heptene. 69 In acetoalkylacetates CH 3 CO(CH 2 )„ OAc a similar 
observation was made, 69 the amount of fi-y adducts with 1-heptene increasing with the num¬ 
ber of methylene groups separating acetoxy and carbonyl group. In the addition of cyclo- 
alkanones 72 cyciopentanone forms almost exclusive y-S unsaturated adduct, whereas 
cyclohexanone and cycloheptanone add to isobutylene in the presence of Cu(II) acetate with 
formation of equal amounts of p-y and y-S adducts. 

Q + > -S- Cft 


a-Oxo-alkylradicals add readily to acetylenic systems, as is exemplified by the addition of 
cyciopentanone to 1-heptyne. 72 The primary adduct radicals from this reaction are not 
oxidized by Mn(III) or Cu(II) but show chain transfer with the solvent instead. At tem¬ 
peratures below 80°C mainly (i-y unsaturated ketones are formed; at higher temperatures 
isomerization to a-/? unsaturated ketones takes place as exemplified by the reaction of 
cyciopentanone and 1-alkyne. 72 


O 


R 


R 


5.2. Formation of Dihydrofurans 

In the presence of manganese (III) acetate, dihydrofurans may be formed in high yield 
from readily enolizable ketones and olefins (Table XI). The reaction proceeds via addition of 
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TABLE XI. Formation of Dihydrofuranes 


Ketone 

Olefin 

Product 

(% Yield) 

Reference 

Acetone 

Styrene 

m 

r<r C H, 

(14) 

64 



o 



Acetylacetone 

a-Methylstyrene 

_^C-CH, 

CH^o CH, 

(100) 

78 



O 



Acetylacetone 

Styrene 

,C-C H, 

(30) 




O 



Acetylacetic ester 

Styrene 

X —OEl 

iOoOh, 

(57) 




O 



Acetylacetone 

Isobutylene 

_^CH-CH, 

•sex 

H^O^CH, 

O 

II 

(60) 

71 

Acetylacetic ester 

1,1 -4.4-Tetramethyl- 
butadiene 

Me rt %Me 

HOXH, 

Me Q 

II 

(72) 

79 

Acetylacetic ester 

Ethylene 

_O 

nf oei 

Nr 

(20) 

80 


2-Methyl- pentene-1 

o 

CO™’ 

U CjH, 

(74) 

78 


a-oxoalkyiradicals to the olefin, oxidation of the intermediate adduct radical to a carbenium 
ion, and subsequent cyclization of this carbenium ion to the dihydrofuran: 

o o o 

ch 3 cch 3 — Mn( ' - ' - n » ch 3 cch 2 - — - CH: . ^CHCH : CH 2 CCH 3 

o 

^CHCH,CH-,CCH 3 — 

From this scheme it can be rationalized that higher yields can be obtained with 

a. Readily oxidizable ketones like /3-diketones. 

b. Olefins with a vinylidene structure like a-methylstyrene and isobutylene. 

Side products to be expected from this reaction are 

a. Saturated ketones, obtained by chain transfer from the intermediate adduct radical 
when this is less readily oxidized. 

b. Unsaturated ketones and y-acetoxy ketones, obtained from the intermediate car¬ 
benium ion when ring closure competes with H + elimination and acetoxylation by 
the solvent. 
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The reaction products with terminal olefins in all cases have consisted of only one isomer. 
The corresponding reactions of Tl(III) and Pb(IV) acetate have reportedly led to other 
isomers or mixtures of isomers 78 and probably proceed via ionic mechanisms. 


5.3. Formation of Tetralones 

When an aromatic ketone such as acetophenone is reacted with an olefin in the presence 
of manganese (III) acetate, a-tetraiones can be formed according to the following scheme 81 : 


O 

0CCH, 


Mn(lll) 


o o 

Of-lJ f-ij li 

0CCH ; --RCH —CH : CH 2 Q> 


Internal 

Cyclization 



Mn (III) 


o 


R 


It follows from this reaction scheme that side products to be expected are 

1. Saturated linear ketones derived from chain transfer of the intermediate adduct 
radical: these can be suppressed by working at low acetophenone concentrations. 

2. Unsaturated linear ketones and linear keto acetates from oxidation of the inter¬ 
mediate adduct radical. 

Despite these side reactions, reasonable yields of tetralones can be obtained as exemplified in 
Table XII. 


TABLE XII. Formation of Tetralones 


Ketone 


Olefin 


C 6 H 5 COCH, 1-Butene 


C 6 H 5 COCH, Isobutylene 


C 6 H 5 COCH, 2-Butene 


C 6 H 5 COC,H 5 


2-Keto-pentene-l 


Tetralon 


O 


C.H, 

O 


CH,CH, 


.CH, 


CH 

O 


CH, 


.CH, 


(Yield %) Reference 


(49) 81 


(43) 


(53) 


(10) 82 


CH.COCH, 
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5.4. Formation of 1,4-Diketones 

When a ketone is reacted with isopropenyl acetate in the presence of manganese (111) 
acetate the predominant nonpolymeric reaction product formed is a 1,4-diketone according 
to the following scheme 7 

OAc OAc 

RCOCH 3 Mn<lll> > RCOCH 2 - ch ^- c ^L RCOCH 2 CH 2 CCH 3 
-► RCOCH,CH 2 COCH 3 + CH 3 CO 

Although yields are only moderate, reportedly due to polymerization of isopropenylacetate, 
this route offers a single step preparation of 1,4-diketones from readily available reagents, 
and is much more selective than peroxide initiated reactions. 83 
Table XIII gives some pertinent results. 

6. MANGANESE (III) ACETATE-ACETONE-INITIATED ADDITION 
OF HALOALKANES TO UNSATURATED SYSTEMS 84 

A mixture of manganese (III) acetate and acetone can be used as an initiating system for 
addition of haloalkanes to unsaturated systems. 84 Thus acetonyl radicals are readily formed 
from such systems and by chain transfer form halo alkyl radicals with the haloalkane when 
this is present in excess: 

ch 3 coch 3 — n — 1 . ch 3 coch 2 - ch 3 coch 2 ci + cci 3 - 

CC1 3 - + RCH = CH,-► RCHCH,CC1 3 RCHCH 2 CC1 3 

I 

Cl 

TABLE XIII. Formation of 1,4-Diketones by Addition of a Ketone to Isopropenylacetate 
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The reaction has the typical characteristics of a chain reaction with kinetic chain lengths of 
8-10. Yields of l,l,l-trichloro-3-chioroalkenes from a-olefins and carbon tetrachloride are 
usually 80%-90% on converted olefin. 


7. AROMATIC SUBSTITUTION REACTIONS 

7.1. Introduction 

A number of methods have been reported for aromatic substitution reactions by radicals 
generated by manganese (III) acetate. Thus carboxymethyl, acetonyl, and nitromethyl 
radicals readily substitute on the aromatic ring of suitable substrates. 

Yields of these oxidative substitution reactions largely depend on reaction conditions, 
structure of intermediate radicals, substrate, and presence or absence of polar solvents like 
acetic acid. In many examples yields of pure compounds are differently extracted from the 
original work. However, even when yields are low. the products are obtained in one single 
step from simple compounds whereas alternative synthetic methods for many examples 
require multistep procedures. 

The substitution reactions of this type require two equivalents of manganese (III) 
acetate as exemplified by the following reaction scheme for the substitution of acetone to 
benzene: 


O O 

II II 

CH 3 -C-CH 3 + manganese (III) acetate -* CH 3 -C-CH 2 . + HOAC 

+ manganese (II) acetate 


O 

II 

CH,-C-CH,. 


O 


„ o 

/r~\ H II 

<fY-CH,- c —OI, 



O 

CH : -C — CH 3 + manganese (III) acetate -* 


° 

<^>-ch 2 -c-ch 3 

+ manganese (II) acetate + HOAc 


7.2. Oxidative Carboxymethylation 

Oxidative carboxymethylation is characterized by the fact that the primary formed aryl- 
acetic acids in many examples are easily further oxidized by excess manganese (III) acetate 
to yield benzylacetates, benzylidene diacetates, and benzaldehydes. When the reaction is per¬ 
formed in acetic anhydride instead of acetic acid, arylacetic anhydride is the major product. 36 
Table XIV gives some pertinent results. In monosubstituted benzene derivatives a free radical 
substitution pattern is closely followed. 87 In p-disubstituted benzenes a high selectivity of 
products can be obtained. 


7.3. Oxidative Aromatic Substitution by Ketones 

The reaction of acetone with benzene in acetic acid in the presence of manganese (III) 
acetate results in the formation of methyl-benzyl ketone. 89 In alkyl substituted benzenes such 
as toluene side chain oxidation to benzylacetate is a major side reaction, although the rate of 
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TABLE XIV. Oxidative Carboxymethyiation of Aromatic Compounds 


Substrate 

Solvent 

TCC) 

Product 

(% Yield) 

Reference 

Toluene 

HOAc 

110 

<CV-CH,OAc 

CH.fV-/ 

(74) 

6 




o m p 

40 20 17 




H0Ac/Ac,0 



(69) 

36 


HOAc/KOAc 


/TVCHXOOH 

CHC*=s 

Major product 

85 


Ac 2 0 



Sole product 

36 

Chlorobenzene 

HOAc 

110 

CH , C °°H 

(13) 

86 




(30) 

87 




a £yCH : OAc 

(21) 

87 




jQ>-CH<OA C ) ; 

(17) 





O 

£>c' 

Cl^ X H 

(11) 


Benzene 

HOAc 

100 

^^>-CH,COOH 

(8)(19) 

86, 87, 36 




i^^-CH : OAc 

(51)(26) 





^j^-CH(OAc), 

(9) 





o< 

(18)(48) 


Benzene 

Ac,0 


o<: 

(48) 

36 

p-Xylene 

Ac,0 


CH 'w 

/~V-CH_,OAc 

<TH, 

(61) 

36 

p-Dichlorobenzene 

Ac 2 0 


{“VcHXOOH 

(58) 

36 




Cl 



fXr° 

AcOH 

Ac 2 0 


OC°I° 


88 




^^^CHlOAcl; 
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TABLE XV. Oxidative Aromatic Substitution by Acetone 


Substrate 

Solvent 

rpc) 

Product 

(% Yield) 

Reference 

Benzene 

HO Ac 

70 

<^>-CH,COCH, 

(36) 

89 

Toluene 

HO Ac 

70 

/TVcH.COCH, 

(30) 

68 

89 




^^-CH.OAc 

(7) 



aromatic substitution is higher. 68 The aromatic substitution by ketones is largely confined to 
acetone since under the conditions used mainly 


O 

II . 

ch 3 -c-ch-r 


radicals are generated from methyl-alkyl ketones. These radicals do not substitute on the 
aromatic system but dimerize instead. 68 as do tertiary a-keto radicals. The reactions have to 
be performed in acetic acid, 90 probably because the oxidation of the intermediate acetonyi- 
cyclohexadienyl radical is a slow step and requires relatively high Mn(III) concentrations. 
Table XV gives some results. 


7.4. Oxidative Nitromethylation 

In acetic acid solution manganese (III) acetate promotes the substitution of nitromethyl- 
radicals onto aromatic rings. 91,92 The reaction is largely confined to nitromethane, since with 
nitroethane only small amounts and with 2-nitropropane no substitution products could be 
obtained. The electrophilic nitromethyl radical adds preferentially onto aromatics with elec¬ 
tron-releasing substituents. No substitution products were found with nitrobenzene as a sub¬ 
strate. It is interesting to note that nitromethyl radicals preferentially attack the aromatic 
ring of alkylsubstituted aromatic systems rather than abstracting benzylic hydrogen. 
Although ortho substitution predominates, a drawback of this reaction is the formation of 


TABLE XVI. Nitromethylation of Aromatic 
Hydrocarbons 


Substrate 

Product 

(% Yield) 

Reference 

Benzene 

^^-CH.NO; 

(78) 

91 

92 

Toluene 

/tv-ch.no, 

CH,^ 7 

(77) 


Anisole 

/TVch.no, 

(77) 


Chlorobenzene 

c 1 £V ch ' no ' 

(20) 
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ortho, meta, and para substituted products from simple aromatic compounds. An elec¬ 
trochemical variation of this reaction to regenerate manganese (III) acetate has been 
reported. 93 As with the other aromatic substitution reactions, two moles of manganese (III) 
acetate are consumed per mole of product. The reaction is certainly of synthetic utility since 
making aryl nitromethanes commonly involves rather lengthy procedures, whereas with the 
present method simple aromatic compounds may be utilized. Table XVI gives some results. 


8. DIRECT OXIDATION REACTIONS WITH MANGANESE (III) ACETATE 


8.1. Introduction 

Apart from its use in oxidative addition and substitution reactions treated in the 
previous sections, manganese (III) acetate constitutes a mild one-electron oxidant. Direct 
inner- or outer-sphere one-electron oxidations with manganese (III) acetate in many cases 
proceed via the primary formation of an intermediate radical. The fate of this primary radical 
depends on the nature of the substrate and reaction conditions. Thus, with excess Mn(III) in 
many cases it is rapidly oxidized in a ligand transfer reaction to an acetate. However, the 
primary radical may dimerize, disproportionate, lose a proton, or enter in a sequence of 
transfer or addition reactions with other compounds present, in a one-step procedure from 
substrates to products which otherwise require a multistep sequence. 


8.2. Alcohols 


Simple alcohols like ethanol do not readily react with manganese (III) acetate in glacial 
acetic acid. Reactions of more complex alcohols like a-glycols and a-keto alcohols have been 
extensively studied. 94 ' 95 The loss of a stable radical by C-C fission is sometimes easier than 
the removal of the H atom of a CH(OH) group, as exemplified by the oxidation of 
hydrobenzoin 94 : 


OH OH 
CH - CH 



The secondary a-keto alcohols are always oxidized with preservation of the carbon skeleton, 
giving diketones 94,95 : 


OH O O O 



The oxidation of benzylalcohol yields benzaldehyde. 96 The primary and rate determining step 
in this reaction, reportedly, is formation of the aromatic cation radical. This is followed by 
loss of a proton with concomitant formation of the benzyl radical, which is oxidized in a 
subsequent step to benzaldehyde, possibly in a ligand transfer oxidation via the benzalhemi- 
acetate: 


<*CH,OH . > + CH,OH-> <DCHOH + H + 


OAc O 

/ / 

^CHOH + Mn(III) acetate-► ^CH -► (j>C 

\ \ 

OH H 
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Clearly the oxidations of aliphatic alcohols follow a different mechanism. An interesting 
application of this one-electron oxidation of alcohols is its use as an initiating system for the 
graft polymerization of vinylacetate to / 7 -vinylalcohol. ' 7 


8.3. Amino Compounds 


The oxidation of A-substituted anilines is well exemplified by Bronsdijk." Dewar." and 
Rindone. 100 At room temperature in acetic acid or chloroform-acetic anhydride mixtures the 
main product from Af/V-dimethylaniline is A-methylacetamide, ^NMeAc. 98 100 In a com¬ 
parative study with Pb(IV) acetate. Co(III) acetate, Tl(III) acetate, and Mn(III) acetate it 
was shown 100 that the latter oxidant gives cleaner reactions and highest yields of amides. 
With mixed A r -methyl-/V r -alkyl amines the higher alkyl is preferentially eliminated: 



The reaction most probably involves primary formation of a dialkyl-aniline cation radical 
followed by loss of a proton to 0N(CH 3 )CH,-. This radical is subsequently oxidized to 
^N(CH,) CH,OAc, which rearranges to formaldehyde and A-methylacetanilide. At higher 
temperatures in acetic acid the main reaction product is bis-(p-dimethyl-aminophenyl) 
methane (40% yield)": 

O-N 

This product possibly arises from an intermediate carboxy methylene adduct, loss of CO,, 
and subsequent addition of the resulting radical to unconverted dimethylaniline 


CH 3 


CH, 


100 c 

HQAc 

40% 


(CH 3 ) 2 N 2 N(CH 3 

u u 


ch k ^ch, 


N 


CH 3x /CH, 


N 


H 3 C n /CH, 
N 


+ .CH,-C 


OH 


--co. , l| 

Mr 4111) If 

CH.COOH CH,. 


CH, x /CH, 
N 


CH, 


CH 3n /CH, 
N 


(CH,),N .. ch 2 




N(CH,), 


The formation of acridones from substituted 2-amino benzophenones is reported by 
Bowen. 101 Yields are very modest (6%-8%) although higher than with K 2 S 2 0 8 as oxidizing 
agent: 
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8.4. Thio Compounds 

Thioanisole reacts with manganese (III) acetate with formation of acetoxv methylene- 
phenylsulfide, ^SCH 3 OAc. 9iuo: Intermediate formation of a thioanisole cation radical by 
electron transfer, subsequent loss of a proton to ^SCH ; - followed by ligand-transfer 
oxidation of this radical to ^SCH,OAc is generally accepted. In a comparative study 98 it was 
found that manganese (III) acetate is a much more selective oxidant to this substrate than 
either Pb(OAc) 4 or peroxides. 

Formation of the cation radical is rate determining, and a fast nucleophilic attack occurs 
at a site determined by the nature of the cation radical. Normally a preference is found for 
nucleophilic attack at the thioalkyl group as opposed to aromatic ethers (Section 8.6). Only 
when this attack becomes more difficult is there nucleophilic attack at other sites, as in the 
formation of /-butyl-acetoxy methylene phenylsulfide from f-butyl-p-tolyl sulfide: 


CH, 


S-Bu' 


AcO-CH : 


S 


Bu' 

(60%) 


+ 


N C— / V-S —Bu' 

H' (40%) 


Interestingly the normal course of the reaction can be completely altered by addition of 
KBr, 102 the main product being in this case Me —S —^CH 2 OAc from /i-methy I thioanisole. 


8.5. Phenols 

Simple phenols are oxidized to diphenoquinones 104105 or polymerized to polyphenylene 
ethers, depending on reaction conditions. The primary product must be a phenoxy radical, 
which can undergo a variety of reactions. Thus, in some methoxy-substituted 2'-hydroxy- 
chalcones the phenoxy radical adds on the double bond and the resulting adduct radical is 
further oxidized to the tnms-aurone 106 ' 107 in 20%-55% yield: 



Similar yields are reported with Pb(IV) acetate. 107 With Tl(III) acetate skeletal 
rearrangement takes place. 108 The phenoxy radical obtained from methoxy-substituted ben- 
zophenones substitutes on the neighboring phenyl ring thus providing a new synthesis for 
methoxy-substituted 9-xanthenones. Yields of up to 65% are reported, 109 oxidation with 
Mn(III) acetate being much more selective than that with Pb(IV) acetate. 


O O 

II II 
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With stericaiiy hindered /r-alkyl-substituted phenols the intermediate phenoxy radical is 
further oxidized to the acetoxybenzvlphenol"’ 5 in good yields: 


/-Bu 

CH,-/~~VOH 

'/-Bu 


o ,/-b u 

» CH, —C -O —CH, -/ V-OH 

^'/-Bu 


8 .6. Carboxylic Acids 

Oxidation of carboxylic acids by manganese (III) acetate can follow two distinct 
pathways, depending on the substrate carboxylic acid. Acetic acid and other 2 -hydrogen con¬ 
taining alkyl carboxylic acids are oxidized by loss of an 2 -hydrogen. Thus carboxvmethyl 
radicals are generated. This is covered more elaborately in Sections 3-7 on addition and sub¬ 
stitution reactions. 

However, many carboxylic acids with manganese (III) acetate suffer decarboxylative 
oxidation, the primary step being inner-sphere oxidation of the carboxylate moiety to the 
carboxy radical: 


RCO ; H + Mn(III)-► RCCV + H" + Mn(II) 

RCO,-- R- + CO, 


Depending on the structure of R- and reaction conditions a number of common free radical 
reactions can occur such as dimerization, further oxidation to alkenes or esters, or formation 
of olefins when Cu(II) salts are present. 8 Decarboxylation with Mn(III) acetate, in contrast 
to Pb(IV) acetate, is typically a nonchain process. Thus, phenylacetic acid yields mainly 
benzylacetate 8636 according to 


^CH 2 COOH + Mn(IIl) acetate-« ^CH,- + CO ; + H l + Mn( II) acetate 

0CH," + Mn(III) acetate-► ^CH : OAc + Mn(II) acetate 


the latter reaction probably being a ligand transfer oxidation. Similar mechanisms are 
proposed for oxidation of 2 -hydroxy acids, 2 -keto acids, a-amino-acids, 6 pivalic. isobutyric. 
and n-butyric acid. 8 With simple 2 ,/( unsaturated acids in aqueous acetic acid like cinnamic 
and crotonic acid a./(-bond breaking occurs after decarboxylation yielding benzaldehyde and 
formaldehyde from cinnamic acid 110 in a complex machanism. On the other hand, 
manganese (III) acetate in glacial acetic acid can be used in a regiospecific synthesis of 
2-acetoxy-l,2-diphenylethanone (benzoin acetate) 1 " in 10%-64% yields from 2 -phenyl- 
cinnamic acids: 


^ ^COOH 


R 



OAc 


Aromatic acids do not decarboxylate. Instead aromatic substitution by carboxymethvl 
radicals takes place when the oxidation is carried out in acetic acid. Interestingly, the oriho- 
substituted product reacts further in a sequence of reactions to biphthaloyl (I)"': 
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O 


8.7. Aromatic Ethers 

The Mn(III) acetate oxidation of aromatic ethers proceeds by two competing 
mechanisms 85 : 

1. Aromatic ethers having ionization potentials below 8 eV are oxidized by an electron 
transfer mechanism. In a primary step a cation radical is formed, which loses a 
proton with formation of a benzyl radical. The latter is oxidized by a second Mn(III) 
acetate to a methoxy substituted benzyl acetate. 

2. Compounds having ionization potentials beyond 8 eV are substituted by car- 
boxymethyl radicals and products are derived from the intermediate adducts (see 
Section 7 on aromatic substitution). 

The most extensively studied example of aromatic ethers being oxidized by the first 
mechanism is p-methoxytoluene. 15113 ' 36114 ' 85102 This compound is oxidized to p-methoxy- 
benzylacetate at 70°C, a temperature where carboxymethylradical formation is negligible. 
Under anhydrous conditions yields of up to 90% can be obtained. 113 Traces of water lower 
the selectivity, 15113 mainly in favor of p-methoxybenzaldehyde. The reason for this is 
unknown, but it could reflect the sensitivity of the p-methoxybenzylradical towards Mn(IV) 
species that are formed by water-induced disproportionation of Mn(III) acetate. 

CH 3 °-0- CH ’ 70 C anhydrous ' C H 3 O -£)- CH , OAc 


At higher temperatures, and especially in the presence of KOAc or acetic anhydride, the 
main reaction product from p-methoxytoluene is a mixture of isomeric benzylacetates, being 
formed via substitution by carboxymethylradicals 85 : 


CH,0 



130 C. added KOAC 
or acetic anhydride 


CH->OAc 


Further examples of electron transfer oxidations are found with 1- and 2-methoxy 
naphthalene, giving l-methoxy-4-acetoxynaphthalene and 2-methoxy-1.4-naphtoquinone, 
respectively, 115 " in good yields: 



O 
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In the presence of strong acids the oxidation of p-methoxy toluene takes a completely dif¬ 
ferent course. 116 With a strong acid like HC10 4 at relatively high concentrations the main 
products are substituted biaryls: 


CH, OCH, CH,0 OCH, 
ch 3 o—/ S-ch, » rvA + 




reflux 
04 M HCI0 4 


OCH, CH, 



CH, CH, 


In the presence of a weaker acid (CF 3 COOH) or at low HC10 4 concentrations the main 
product found is a substituted diarylmethane, and only minor amounts of biaryls are formed: 

OCH, 

CH, 


CH,O —/ V-CH, — 1 CH,0—/ V-CH 2 -/ \ 

007 M HCIO, \=sJ \=U 


w 


These products are only found at low conversions. At high conversions intractable tars are 
formed. Formation of products can be rationalized 116 in that the trinuclear oxygen-centered 
Mn(III) complex which constitutes Mn(III) acetate is destroyed by strong acid. The resulting 
Mn(III) species can oxidize p-methoxy toluene to its cation radical but has lost its basic sites 
for proton abstraction. Thus in strong acid the cation radical reacts with excess p-methoxy 
toluene with ultimate formation of biaryls. 114 '* At low HC10 4 concentrations, manganese 
(III) acetate may retain the oxygen-centered structure, allowing for proton abstraction of the 
primary cation radical to the benzyl radical, which is further oxidized to a benzyl carbenium 
ion. This may react with excess p-methoxy toluene with formation of the substituted 
diarylmethane. The latter part of this explanation does not account for the absence of 
p-methoxybenzylacetate, the main product in the absence of strong acids. Therefore it seems 
more reasonable that the intermediate benzylradical adds on excess p-methoxytoluene, the 
resulting radical being oxidized to the diarylmethane. This path also accounts for the direc¬ 
tion of substitution ortho to the methoxy group. 

CH,0^>CH, Mnimi ■ CH,0-^^-CH, 

ch ’°O ch ' 


CH,0^^-CH,. 


Mn (III) 


CH 3°^> CH ? 

CH,0-^h-CH, 
Substituted diarylmethane 


och,V h ’ 


CH, OCH, 


Mr (III) 


Substituted biaryis 



Similar reaction types are also described in Chapters 1 and 13. 
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In the presence of oxygen (45 atm) the main reaction product from p-methoxvtoluene at 
70°C is anisaldehyde (70%) together with some anisylacetate. 114 


CH,0 


CH, 


Mn llll) 
70 CO. 



70% 


It has been argued 114 that added perchloric acid would inhibit ionization of the primary 
radical cation, thus accounting for biaryl formation. Certainly, any added acid will displace 
some if not all of the acetate ligands in manganese (III) acetate. Therefore, the oxidizing 
species in strong acid will always differ from that of a reaction in neat acetic acid. 


8 .8. Aromatic Hydrocarbons 

The course of oxidation of aromatic hydrocarbons by Mn(III) species is highly depen¬ 
dent on reaction conditions and structure of the substrate. Basically four types of reactions 
can be distinguished: 

1. At temperatures lower than 100°C aromatic compounds with an oxidation potential 
lower than 8 eV prevalently undergo electron transfer to a cation radical. In acetic 
acid the first stable product often is a nuclear acetoxy substituted compound. With 
excess Mn(III) acetate these may be further oxidized to quinoid systems. 

2. At temperatures higher than 100°C carboxymethylene radicals are formed from acetic 
acid at an appreciable rate. Mainly displacement products will be found when the 
substrate has an oxidation potential higher than 8 eV. 

3. When bromide is added, bromine radicals are formed. At low temperature nuclear 
substitution can be completely suppressed and main products result from aliphatic 
side-chain halogenation and sequential reactions like acetoxylation. 

4. In the presence of strong acids the reactivity of Mn(III) acetate is enhanced to such 
extent that even aromatic compounds with high oxidation potentials can be oxidized 
at low temperature to the cation radical. Depending on temperature, substrate, and 
further reaction conditions, a number of consecutive reactions will determine product 
composition. Thus at higher temperatures and excess substrate often substituted 
biaryls are formed from alkylaromatic compounds. 

Simple polynuclear aromatics with relatively low oxidation potentials can be oxidized to 
acetates, quinones, or dimeric products, probably via electron transfer leading to the cation 
radical as a first step. Thus, with excess Mn(III) acetate anthracene is oxidized to 
anthraquinone 117 or 9-acetoxyanthracene when equimolar amounts are used. 117-105 



O 
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Phenanthrene yields 9-acetoxyphenanthrene 117 and 2-methylnaphthalene l-acetoxy-2-methyl- 
naphthalene, 85 but acenaphthene and fluorene reportedly yield acenaphthenequinone and 
fluorenone 117 : 


Mnlllll 
HOAc 100 C 1 

O 

Benz[a]anthracene gives benzanthraquinone." From 9,10-dihydroanthracene anthrone is 
obtained in a primary sequence. 6 but this compound readily dimerizes to 10,10'-dioxo- 
dianthranyl. 6,105 





At temperatures under 100°C compounds with an oxidation potential lower than 8 eV will 
undergo mainly electron transfer and consecutive reactions with Mn(III). At higher tem¬ 
peratures and higher oxidation potentials aromatic substitution by 

O 

/ 

•ch 2 -c 


OH 

radicals and consecutive reactions become more predominant, 85 yielding more complex reac¬ 
tion mixtures. Thus benzene, toluene, and chlorobenzene yield mainly mixtures of sub¬ 
stitution products. 87 Isopropyl substituted benzenes behave differently in that y-butyroiac- 
tones are formed mainly. 118,36 This is via intermediate a-methyl-styrene formation on which 
carboxymethylradicals are readily added: 



Mnlllll 

H0Ac/Ac 7 0* 

reflux 


CM 


CH, 


CH, 


CH, 

CM- 


CH, 

$ \-C = CH, 


\=y 


-CH, 

I \ 50%-70% 

(X CH, 




Some isopropylbenzyiacetate is also formed. Remarkably at 95°C, at a large excess of 
p-cymene and in absence of acetic anhydride, no lactone is formed. 119 Instead an unidentified 
dimeric product is reported. The reaction probably does not proceed via intermediate cation 
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radicals as it does with Co(lII). Since most of the product consists of a C 21 H 28 dimer (the 
bicymyl is C 20 H 26 ), a possible scheme could be 


CH, 

CH,-/ - Vc-H '' ‘ 

CH, 


CH, 


CH,°^ 



CH, 


CH, 


CH, 


CH, 


CH,-^^-C = CH 2 + .CH 2 -C 


CH, 

'/ \ 

Disproportionation 

Bicymyl 

CH, 

ch,-^^-c=ch 2 

O CH, o 

-► CH,—/ y-C-CH,-CH,-C 

OH * , x OH 

Excess p-cymene 


CH, 


CH, 

I 

C —CH-. —CH 
I 

H 



(or p*methyi- 
a methyi styrene) 


CH, 0 

CH,— / V-C —CH, —CH, —C^ 

I s OH 



C 21 H 2g cross-coupling product 


These Mn(III) oxidations can be performed at lower temperatures and made much more 
selective by addition of bromide or strong acids. Thus, by addition of KBr, oxidation of 
toluene can be performed at 40-90°C and yields predominantly benzylacetate and ben- 
zylbromide without nuclear substitution products. 6,87 The intermediate benzyl radical is 
probably formed directly via molecular bromine 102,120 and not via the cation radical 
sequence. 

When strong acids like sulfuric acid or perchloric acid are added, 121-123 toluene and 
related alkyl substituted aromatic compounds are oxidized at low temperatures to the respec¬ 
tive benzylacetates in high yields. The reaction proceeds exclusively through electron transfer. 
Product composition can be influenced by working under nitrogen or air or by addition of 
strong acids as exemplified in Table XVII. 

In contrast with Co(III) acetate the Mn(III) acetate initiated reaction cannot be made 
catalytic under air. 122 By oxidation of p-ethyltoluene it was shown that Mn(III) acetate- 
H 2 S0 4 is a much more selective agent than Co(IIl) acetate or Ce(IV) ammonium-nitrate. 123 
Thus p-ethyltoluene gives mainly 1 and little 2: 

CH’-^^^-CH-CH, HO-CH 2 -Q-CH 2 -CH, 

~ OH “ 


I 


2 
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Products from p-ethyltoluene 

Reagent and conditions 

1 

2 

Co(III) acetate, HOAc, 60°C 

47 

53 

Ce(IV) ammonium nitrate. HOAc, 60°C 

78 

22 

Mn(III) acetate, 0.2 M H 2 S0 4 , HOAc, 20°C 

91 

9 

V-Br-succinimide, AIBN, CC1 4 , 80°C 

94 

6 


In the presence of strong acid at higher temperatures the oxidation of alkylaromatics 
can lead to completely different products. 124125116 The first step under these conditions is 
again one-electron oxidation to the cation radical that can either add on excess aromatic 
compound, resulting in substituted biaryls, be oxidized further to a carbenium compound 
resulting in diarylmethanes. or be oxidized to the side-chain acetate, which reacts further to a 
diarylmethane as exemplified in Ref. 125. Some examples and products in refluxing 
CFjCOOH are given in Table XVIII. A comparison with Co(III), Pb(IV), Fe(III) or anodic 
oxidation shows that Mn(III) generally is a more selective oxidant in refluxing CF 3 COOH. 
Further influence of strong acid or air on products is exemplified 125 in Table XIX. 

A number of other alkylbenzenes like p-chlorotoluene, ethylbenzene, ortho-, meta-, and 
p-xylenes, mesitylene, and durene react with manganese (III) acetate in acetic-perchloric acid 
under reflux predominantly to the corresponding diarylmethanes. 125 These compounds 
hardly give biaryls as does p-methoxytoluene. 116 Compared with oxidations by Fe(III), 
Co(III), Cu(II), Pb(IV), and Tl(III), reactions with Mn(III) are much more selective, chiefly 
since no polymers are formed. 


TABLE XVII. Effect of Strong Acid on the Oxidation of Alkylaromatic 
Compounds by Mn(III) Acetate in Acetic Acid at 25°C a 


Substrate 

Acid added 

Atmosphere 

Product 

Yield (%) 

(OCH, 

h,so 4 

n 2 

^CH 2 OAc 

74 

t^CH, 

h 2 so 4 

o 2 

^CHO 

71 

p-Cl-<DCH, 

h 2 so 4 

N, 

p-C I-^CH 2 OAc 

74 

^ch 2 ch 3 

h 2 so 4 

n 2 

^-CH-CH, 

j 

93 




OAc 


^CHjCHj 

CCIjCOOH 

n 2 

^-CH-CH, 

54 




OAc 





COOH 

46 


hcio 4 

n 2 

m-C,H 5 -^-CH-CH 3 

95 




j 

OAc 


CH, 

/ 

«)-C-H 

\ 

CH, 

h 2 so 4 

n 2 

O 

» 

(*-C-CH, 

75 


“Reference 122. 
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TABLE XVIII. Oxidation of Alkylaromatic Compounds by Mn(III) 
in CF 3 COOH at Reflux Temperature' 1 


Substrate 


Product 



f S—CH,—c \ 


/ 




30%-40% 


14%-20% 


CH, 


20 % 



25% 25%-50% 


- 0 - CH ’-£> 


50% 




40%-50% 


" Reference 124. 


8.9. Terpenes, Cycloaliphatic Compounds, and Saturated and Unsaturated Hydrocarbons 

The versatility of Mn(III) acetate as an oxidizing agent is exemplified by its reaction 
with unsaturated hydrocarbons. In acetic acid or mixtures with anhydride the most common 
reaction is addition of carboxymethylene radicals and, depending on conditions, subsequent 
lactonization. Here some other reactions of both saturated and unsaturated hydrocarbons 
are given. 


TABLE XIX. Oxidation of p-Xylene (Excess) with Mn(III) Acetate 
in Acetic Acid at Reflux Temperature. Yields are in Moles of Product 
per Mole of Mn(III) Acetate" 


Product 


Added acid 

Atmosphere 

(1) 

CH, 

ch,-0-ch : -£ 

(2) 

} ch >-0- cho 
CH, 

(3) 

CH,-(^-CH 2 OAc 

hcio 4 

Air 

0.83 

0.2 

_ 

hcio 4 

o 2 

0.61 

0.48 

— 

HC!0 4 

N 2 

1.05 

0.06 

— 

CFjCOOH 

n 2 

0.06 

0.14 

0.75 

cci,cooH 

n 2 

0.05 

0.14 

0.66 


Reference 125. 
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With unsaturated hydrocarbons several main types of reactions can be distinguished. 
Their occurence is highly dependent on substrate and reaction conditions: 

1. The common addition of carboxymethylradicals generated by manganese!Ill) acetate 
and subsequent lactonization or formation of unsaturated carboxylic acids or acetoxy 
acids (cf. 2 below). 

2. Olefins with a low oxidation potential, or when sterically hindered, are preferentially 
oxidized at the double bond to a cation radical at temperatures of 100°C or lower. By 
a sequence of further reactions the main products found are vicinal diol diacetates or 
unsaturated acetates. 

3. In the presence of KBr bromine radicals are formed. At temperatures under 100°C 
main products will be allylacetates. Allylacetates are a common minor product at 
high temperatures and high Mn(III) concentrations. 

4. In substituted cyclohexenones the double bond remains unaffected and oxidation is at 
the position alpha to the ketone group. 

In a number of papers the oxidation of cycloaliphatic compounds and terpenes is 
described; reaction conditions differ considerably and interpretation of the results is therefore 
difficult (see Table XX). The main oxidation products from <ZZ-ot-terpineol in acetic acid are 
d,l-p- methane-1,2,8-triol-1,2-diacetic and homo-terpenyl-methy 1-ketone 1 26 ; 


-OH 


HQAc 

100 c 


.OAc 

,OAc 


OH 



When <Z-carvomenthene is oxidized 44 the lactone is formed as the major product next to 1,2- 
menthyl-diacetate and a number of allyl-acetates: 



From <Z-limonene the main products are -/-lactone, a-terpinyl-acetate, and a-terpineol 44 ' 127 : 


o—c=o 

CH,-CH, 


■OAc 


OH 


However, in the presence of KOAc and acetic anhydride the main products found from 
cZ-limonene and cZ-carvomenthene are unsaturated acids 128 : 


KOAc HQAc Ac.o 

100 c 


CH ; —CH^-COOH 


KOAc HOAc Ac.O 


CH.-COOH 
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TABLE XX. Oxidation of Terpenes 


Substrate 


Product 


Condition Reference 


CH, 


OH 


i-Terpineoi 


(/-Carvomenthene 


d-Limonene 


J-Limonene 

i-Pinene 


& 

fi- Pinene 

Camphene 




O 

No reaction (Wagner-Meerwein faster) 




o 


X 

Longifolene 


\COOH 


Unsaturated acid 


a 126 


b 44 


127 


128 


d 48 


c 46 

c 46 


46 


“ Mn(lll) dissolved in HOAc: add olefin in one portion; 7 = 100°C. 

“Olefin dissolved in HOAc; add Mn(III) in small portions: T = 100°C. 

‘ MnlHI) dissolved in KOAc HOAc Ac : O; add olefin dropwise; T = 100°C. 
“'Olefin dissolved in HOAc/Ac.O. add Mn(III) in small portions; T= 110-130'C. 


When oc-pinene is oxidized in acetic acid/anhydride the major product is a-terpineol-acetate, 
the lactone being formed in only minor amounts: 
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In contrast, /i-pinene does not react with manganese (III) in KOAc/HOAc/Ac.O mixtures, 
since at reflux it readily undergoes Wagner-Meerwein rearrangement to the saturated 
acetate. 46 Camphene and longifolene are readily substituted by carboxymethyi radical, 
leading to the lactone and unsaturated acid, respectively. 

A rationale of these observations is that terpene structures that are sterically hindered to 
carboxymethylene radical addition and/or have relatively low oxidation potentials are 
preferentially oxidized at the double bond to a cation radical. This is substituted by an 
acetoxy ion with formation of a neutral radical which will be oxidized to a carbenium ion. 
This may form the diacetate, or eliminate a proton with formation of unsaturated acetates: 


\ / \. + . 

c=c -► c-c 


OAc 


.. / 

C-C-OAc 


.♦ / 
C-C-OAc 



Of course some of the unsaturated acetates may also be formed from disproportionation of 
the intermediate acetoxy radical, or by allylic abstraction of the parent substrate. 

Formation of the lactone versus the unsaturated acid will depend on the presence of 
acetic anhydride and steric requirements for lactonization. The adduct carboxymethylene 
carbenium ion is less prone to lactone cyclization than the free acid, assuming that in the 
presence of acetic anhydride carboxymethylene anhydride radicals are the major primary 
radicals formed with Mn(III) acetate. 

O 

\e / / 

C —C —CH-,—C 
/ \ ‘ \ 

o 


That steric and electronic factors play a part in the ease of addition of carboxymethylene 
radicals on cyclic olefins and subsequent reactions is demonstrated by Okano. 128 39 Thus, 
cyclohexene, 1-methylcyclohexene, and cyclopentene all form adducts with carboxymethyi 
radicals from Mn(III) acetate, although earlier work 117 indicates that cyclohexene does not 
react with Mn(III) acetate. The major product from each substrate depends on the stability 
of the intermediate ion: 

OAc 

J\XH,-COOH 


HOAc Ac ■<) 
100 C ” 


50% 4- Lactone and 

unsaturated acids 


CH,COOH 69% + Lactone and 

unsaturated acids 


CH,COOH 


41 % + Lactone and 
acetoxv acid 


However, no diolacetates are mentioned and only small amounts of allylic acetates. 
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In the presence of KBr the major products from cvclohexene and cyclopentene are their 
respective allylacetates 129 indicating initial hydrogen atom abstraction and further oxidation 
of the intermediate radical: 

(=•} H °^ KBf , <^)_0-C-CH, 75%—83% 

Further examples of this reaction are given by Kasahara 130 in the ally lie oxidation of a- and 
/J-methylstyrene by Mn(III)/KBr at 80°C: 


ch, 


CH.OAc 


1 

^-c=ch 2 ■ 

HOAc. KBr 

1 

<i-C=CH 2 

(70%) 

80C 

X 

u 

1 

X 

u 

II 

HOAc. KBr 

^ —CH = CH —CH 2 OAc 

(62%) 

80"C 



(il-CH-CH=CH 2 

(10%) 


OAc 


No lactones were found. Indeed, at 80°C very few carboxymethylradicals will be formed in 
acetic acid. 

Olefins with low oxidation potentials are completyly converted to the diol acetate by 
Mn(III) acetate in acetic acid, as exemplified by the oxidation of cis- or rrans-stilbene 131 ' 132 : 

OAc OAc 

O c = c -<3 -► <Qm:-chQ> 

Cis or trans Meso , dl mixture 

Thujopsene, although readily oxidized by Pb(IV) and TI(III) acetate does not react with 
Mn(III) acetate 133 : 



Thujopsene 


Further examples of relatively unaffected double bonds are found in the oxidation of 
pulegone 13,1 and some other substituted cyclohexenones. 135 Clearly the ketone function 
activates these molecules, giving rise to ready oxidation to the respective a-ketone-acetates. 


CH, 



CH, 


HOAc 


25 C 



O —Ac 


46% 


Cis + irons acetoxypulegone 
O 

AcO^X 

20 135 C * 


HOAc. NaOAt 


35% 


Saturated hydrocarbons can be oxidized by Mn(III) acetate to mixtures of hydrocarbon 
acetates or other esters, depending on the carboxylic acid used as solvent. Thus adamantane 
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can be oxidized to l-adamantyl acetate in 80% yield 136 137 by refluxing in an acetic acid- 
acetic anhydride mixture. 

In an interesting study of Onopchenko 138 and Schulz the oxidation of cyclohexane with 
Mn(III) and CO(III) acetate in presence or absence of nucleophiles or Cu(II) acetate is com¬ 
pared (Table XXI). Mn(III) is a much more selective oxidant. As a main product cyclohexyl- 
acetate is formed. When KOAc is added as a nucleophile cyclohexylmethylacetate is formed 
in increasing amounts at higher KOAc levels. With Cu( II) acetate and NaOAc added cyclo- 
hexenylacetate is found as a major product. There is no simple explanation how this is for¬ 
med. Although aromatic in character, methylferrocene reacts with Mn(III) acetate with for¬ 
mation of a mixture of products arising from ferrocenylmethylation of methylferrocene. 139 In 
a primary step carboxymethyl radicals abstract hydrogen from the methyl group. The 
resulting methylene radical is rapidly oxidized by a second Mn(III) acetate to the carbenium 
ion, which substitutes on excess methylferrocene: 

CH, CH,. CH? 

<Jj-Fe-0 -► <^3"Fe-0> -► <cB~Fe-{£> 

The net reaction is represented by 



Fe Fe 

6 6 *, 


Ri R 2 Rj 


I CH, H H 

II H CH, H 

HI H H CH, 

Remarkably the carbenium ion does not lead to methylferrocenyl acetate, neither is 
methylferrocene substituted by carboxymethylradicals. 


TABLE XXI. Oxidation Products of Cyclohexane with Mn(III) Acetate 
in Dependence of Added Nucleophiles and Cu(II) Acetate" 

(80°C, Acetic Acid Solvent) 


Product 

Mn(III) 

Mn(III)/ 

KOAc 

Mn(III)/ 

Cu(II) 

Mn(III)/ 

Cu(II)/ 

NaOAc 

Co(III) 

O 

O-C-CH, 

86 

52 

63 

30 

32 

O O 

9 

7 

— 

— 

10 

o 

<^>-CH;-0-C-CH ( 

3 

41 

— 

3 

50 

o 

^)-o-c-ch, 

— 

— 

— 

67 

- 


"Reference 138. 
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8.10. Carbonyl-Containing Compounds 


Compounds that contain enolizable carbonyl groups are readily oxidized to a-keto 
radicals. In the absence of olefins or aromatics and depending on reaction conditions these 
radicals can be further oxidized or couple to dimers. Thus, at high Mn(III (/substrate ratios 
in the presence of acetic acid mostly acetates are formed. 76140 ' 24 Dimer formation is favored 
at low Mn(III)/substrate ratios, high temperatures, and absence of acetic acid. 140 ' 24 

The oxidation of acetic anhydride yields succinic anhydride and acetoxyacetic acid 137 ' 24 : 


o 


O 



/ 


II 



u 

1 

t' 

X 

u 

CH,-C 

o 

o 

\ 


\ 

II 

/ 

o — 

— ► 

o + ch 3 

1 

o 

1 

o 

1 

n 

X 

KJ 

-c 

/ 


/ 


\ 

ch 3 -c 

CH,-C 


OH 

\ 


II 



o 


o 




The reaction is greatly accelerated by acids and base. 24 Acetic acid favors formation of 
acetoxyacetic acid. Various ketones give mixtures of 1,4-diketo-derivatives and a-keto- 
acetates. 89 ' 76 140 105 In the presence of acetic acid dimer formation is low. Thus, 
cyclohexanone yields 8% and acetone 9%-35% of its dimer. 76 ' 140 

o o o 


At low Mn(III)/acetone ratios, 140°C, and in the absence of acetic acid, yields of up to 80% 
2,5-hexanedione can be reached from acetone. 141 In asymmetric methyl-ethylketone preferen¬ 
tial oxidation is at the methyl group 76 (also see Section 5.1): 


O 


O 


CH 3 -C-CH 2 -CH 3 -^^ AcO-CH 2 -C-CH 2 -CH 3 


(15%) 


ch 3 -c-ch-ch 3 


( 6 %) 


O OAc 

This does not confirm with an acid-catalyzed enolization as a primary step to oxidation 
where it is known that acid-catalyzed halogenations often occur at the higher substituted 
position in asymmetric ketones 142 : 


O 

ch 3 -ch,-c-ch 3 

T 

Addition of KOAc and KBr greatly enhances acetate formation. Thus acetone is oxidized to 
acetoxy acetone in good yields, 140 143 and no dimers are formed. a-Bromoacetone was shown 
to be an intermediate. With benzyl ketones the dimers formed are converted to 
dihydrofurans in the course of the reaction 143 : 


O 


O 

II 


o 

II 




R 


o 




R—C —CH--R 


R-C-CH-CH-C-R 

R, R, 


R 
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8.11. Oxidative Coupling of — C— H Active Substrates 

I 

Arylmalodinitriles and arylcyanoacetic esters are readily coupled by Mn(III) acetate 144 
in acetic acid in the presence of added NaOAc: 

CN CN CN 

ch .O<? h iS? CH ' M CH-'r H Cy cH ’ 

CN CN CN 

Sterically hindered arylcyanoacetic acid esters such as methylcyanoacetic ester form ketene 
imine instead, which is solvolyzed by acetic acid: 



OAc 


Onopchenko and Schultz 119 demonstrated that also less activated benzyl compounds can be 
oxidatively coupled: the major product from this reaction, however, is an unidentified 
product: 


CH, 


CHj 


C-H 


CHj 


HOAc 
95 C 


CH, CH , 

1 £ ^3~ ch,+c h h ’ s 

CH,CH, 


9. SYNTHETIC PROCEDURES 


9.1. Synthesis of Anhydrous Manganese (III) Acetate 

According to Hessel 7 a suspension of 34.6 g of powdered anhydrous Mn(OAc), and 
7.9 g of powdered KMn0 4 is shaken in 150 ml glacial acetic acid in a closed vessel until all 
solids have dissolved (30 min). The solution is filtered through a G 3 filter, 30 ml of acetic 
anhydride is added, and the mixture is heated to 75°C for 2 h. Then the mixture is allowed 
to cool to room temperature and after 24 h the dark brown crystals are collected on a glass 
filter. To remove potassium acetate the crystalline product is carefully washed with 100 ml 
warm glacial acetic acid. The product is dried for 2 h in vacuo at 50°C, yield 49 g (90%). 

The product may be further purified as follows (e.g., for kinetic work): 40 g manganese 
(III) acetate is dissolved in a mixture of 150 ml HOAc and 7 ml H 2 0 by gentle warming. 
The mixture is filtered, 45 ml acetic anhydride is added, and it is warmed for 4 h at 70°C. 
Then the mixture is allowed to cool to room temperature, the precipitate is filtered on a glass 
filter, washed with 100 ml warm glacial acetic acid, and dried at 50°C in vacuo for 2 h, yield 
32 g (80%). 

Typical analysis of the crude product: 25.3% Mn, 72.0% OAc; calculated for 
Mn,(OAc)„ OH: 25.2% Mn, 72.2% OAc. 

According to de Klein 1 the following modified procedure may be used: 4.1 g powdered 
KMn0 4 , 18 g powdered Mn(OAc),, 30 ml acetic anhydride, and 400 ml glacial acetic acid 
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are stirred in a round-bottomed flask at 50°C until all solids have completely dissolved (3 h). 
Half of the acetic acid is evaporated at reduced pressure (12 mm Hg) on a rotary 
evaporator. After 24 h the precipitated dark brown solids are collected on a glass filter, 
washed three times with warm (50°C) acetic acid to remove potassium acetate, and dried in 
vacuo for 2 h at 50°C. 

Typical analysis of the crude product: 24.01% Mn (jodometric). 24.0% Mn (com- 
plexometric), 73.7% OAc. The material is free of manganese (II) acetate. 


9.2. Synthesis of Manganese (III) Acetate Dihydrate 

According to Christensen 3 and Brauer 19 19.6 g powdered Mn(OAc), • 4H : 0 is added 
to 200 ml glacial acetic acid. To the well-stirred mixture 3.1 g powdered KMn0 4 is added in 
small portions. 

The mixture is allowed to cool to room temperature and 3 ml of water is added. After 
24 h the cinnamon brown crystalline precipitate is collected on a glass filter and washed with 
glacial acetic acid. 30 g of the product is dissolved in 200 ml glacial acetic acid with gentle 
warming and filtered. After allowing it to cool to room temperature, 3 ml of water is added. 
The cinnamon brown crystalline product is collected on a glass filter and dried over CaO. 
When the product does not crystallize, more water (1-3 ml per 200 ml solution) is added 
and the wall of the glass container is scratched. 


9.3. Oxidation of a-Methylstyrene with Manganese (III) Acetate 
to y-Methyl-y-phenyl Butyrolactone 20 

A mixture of 360 ml of acetic acid, 180 ml of acetic anhydride, 45 g of a-methylstyrene, 
and 80 g of Mn(OAc) 3 • 2H,0 was heated to reflux until the dark brown color of manganese 
(III) acetate had completely disappeared (45 min). After cooling to room temperature, the 
manganese (II) acetate was removed by filtration and the filtrate was distilled to afford 19 g 
of y-methyl-y-phenyl butyrolactone, bp 104-106°C (0.1 mm). 


9.4. Oxidation of Decene-1 with in Situ Prepared Manganese (III) Acetate 

to y-n-Octylbutyrolactone 23 

For preparative purposes it is sometimes convenient to use manganese (III) acetate 
generated in situ from KMn0 4 and Mn(II) acetate tetrahydrate without isolating and purify¬ 
ing the oxidant. In a typical experiment, 212 g (0.84 mol) of manganous acetate tetrahydrate 
was dissolved in 1200 ml of glacial acetic acid by raising the temperature to 90°C. At this 
temperature, 32 g (0.2 mol) of KMn0 4 was added with stirring. When the exothermic reac¬ 
tion had subsided the temperature was allowed to drop to 90°C. Then 300 ml of acetic 
anhydride was added followed by 500 g of sodium acetate. Eighty-four grams (0.6 mol) of 
decene-1 was added, and the reaction mixture was refluxed (~ 130°C) until the brown color 
of trivalent manganese had disappeared (approximately 1 h). Extraction and distillation 
yielded 66.4 g of the pure lactone, y-n-octylbutyro-lactone, bp 106 °C (1.0 mm), which 
represented a 67% yield based on KMn0 4 . 

In an alternate procedure, 110 g of manganous diacetate dihydrate was dissolved in a 
solution containing 700 ml of glacial acetic acid, 75 g of potassium acetate, and 75 g of acetic 
anhydride. The mixture was heated to 95°C, at which point 19 g of KMn0 4 were added. The 
resulting manganic acetate solution was then used for the preparation of various lactones. 
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9.5. Oxidation of Norbornene with Manganese (III) Acetate to the 

Corresponding Lactone (2-Oxo-3-methylene-4.7-methanobenzofuran ) 30 

The following is an example of the acetic acid-acetic anhydride-sodium acetate 
procedure. It is applied to effect the transformation of norbornene to its respective 
y-butyrolactone. In a 1-liter round-bottom flask equipped with a condenser and covered with 
aluminium foil were added the following: Mn(III) (OAc) 3 -2H 2 0 (26.8 g, 0.10 mol), NaOAc 
(100 g), 100% AcOH (300 ml), Ac,0 (30 ml), and norbornene (5.7 g, 61 mmol). The 
mixture was heated under reflux in an argon atmosphere for 1 h 30 min, after which the 
AcOH was removed by distillation, and the reaction mixture allowed to cool to room tem¬ 
perature; 500 ml of water was added and the mixture was extracted with ether (3 x 150 ml). 
The ethereal extract was washed with water (until pH 4) with a saturated sodium bicar¬ 
bonate solution, and again with water and dried over MgS0 4 . Evaporation to dryness 
resulted in 5.3 g of the crude extract which was chromatographed on a 250 g silicic acid 
column suspended in PE-E (75:25). The compounds eluted were unidentified products 
(0.70 g, 1.5 liter PE-E 75:25) and 3.6 g of the expected lactone [47% based on intake 
Mn(III) (OAc)j ■ 2H 2 0], 


9.6. Synthesis of a a-Cyano-y-butyro Lactone Derived from an 

Olefin and Cyanoacetic Acid 23 

The Mn(III) acetate mediated addition of cyanoacetic acid to an olefin is given in the 
next example. Owing to the large reactivity of cyanoacetic acid the reaction can be performed 
in acetic acid: 0.4 mol of cyanoacetic acid dissolved in 1 liter of acetic acid containing 10% 
KOAc was reacted with 0.1 mol of Mn(OAc) 3 • 2H,0 and 0.2 mol of olefin at 50°C. After 
1 h most of the acetic acid was removed on a rotary evaporator, water was added, and the 
residue was extracted several times with ether. The ethereal layers were combined, washed 
with aqueous sodium carbonate, and dried over anhydrous magnesium sulfate. After 
filtration the ethereal solvent was stripped off. The yields of a-cyano y-butyro lactones 
obtained were generally in the 40%-60% range based on oxidant consumed. 


9.7. Oxidation of 1-Octene with Manganese (III) Acetate/Copper (II) Acetate 

to 4-Decenoic Acid 27 

In the presence of Cu(II) acetate 4-alkenoic acids are formed as major product with 
some 3-alkenoic acid as a side product. An example of a reaction procedure is given: to 
300 ml of acetic anhydride, kept at 119°C, 0.2 mol of 1-octene (224 gram) and 0.005 mol of 
Cu(0Ac) 2 -H 2 0 and water (1 gram) are added. The solution is kept under a nitrogen 
atmosphere and stirred well; 0.1 mol of manganese (III) acetate is slurried in 200 ml of acetic 
anhydride and added to the solution in small portions. After 40 min, when all manganese 
(III) acetate is added the reaction mixture is cooled to room temperature. The precipitated 
manganese (II) acetate is filtrated and the filtrate is distilled to remove acetic anhydride and 
unconverted I-octene. Usually 70%-75% of n-octene is unconverted. To the residue are 
added 100 ml of acetic acid and 10 ml of water. The mixture is heated at 100°C for 1 h. 
Acetic acid and water are then removed by distillation and the residue is weighed and 
analyzed for reaction products; 4-decenoic acid (63%) 3-decenoic acid (7.9%), decanoic acid 
(2%), and only traces of lactone and 4-acetoxy acid are found. The residue may be further 
distilled to yield the unsaturated acids. These can be separated on a AgNOj-impregnated 
silicagel column with n-hexane-ethylacetate (99:1 v/v) as eluent. 
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9.8. Conversion of 1-Octene with Manganese (III) Acetate to Decanoic Acid 22 

Under appropriate conditions Mn(III) acetate can be used as a free radical initiator to 
effect the addition of acid anhydrides to a-oiefins in a chain reaction. This results in the syn¬ 
thesis of straight chain or a-branched carboxylic acids. A typical example of a reaction 
procedure is given: to 300 ml of acetic anhydride, kept at 122°C, a slurry of 0.025 mol of 
anhydrous manganese (III) acetate in 200 ml of acetic anhydride and 0.2 mol of n-octene are 
added simultaneously. The reaction mixture is kept under a nitrogen atmosphere and well 
stirred. The slurry is added at such a rate that the reaction mixture remains colorless. After 
3 h, when all n-octene and manganese (III) acetate have been added, the reaction mixture is 
cooled to room temperature. The precipitated manganese (II) acetate is filtered and the 
filtrate is distilled to remove acetic anhydride and unconverted n-octene. To the residue are 
added 100 ml of acetic acid and 10 ml of water. This mixture is heated at 110°C for 1 h. 
Acetic acid and water are then removed by distillation and the residue is distilled further, 
yielding 0.1 mol of decanoic acid, i.e., 400% with respect to intake Mn(III) acetate. 


9.9. Oxidative Addition of an Aldehyde to an Olefin with Mn(III) Acetate 

in the Presence of Cu(II) Salts. General Procedure 59 for the Preparation of 
Unsaturated Aldehydes 

A mixture of 1 mol aldehyde, 0.2 mol olefin, 0.1 mol Mn(OAc), ■ 2H : 0, and 0.01 mol 
Cu(OAc);- H : 0 is shaken in 40 ml glacial acetic acid in a closed vessel at 55-60°C until the 
brown color of manganese (III) acetate has disappeared (1-2 h). The reaction product is 
allowed to cool to room temperature, 100 ml water is added, and the mixture is extracted 
with ether. 

After washing the collected ethereal layers and drying over MgS0 4 the products are 
isolated by fractional distillation. Depending on olefin and aldehyde employed it may be 
useful to distill unconverted olefin, aldehyde, and acetic acid before extraction with ether. All 
operations should be carried out in a nitrogen atmosphere. 

For the preparation of ketones a similar procedure is used but without acetic acid and 
Cu(II) acetate added. For the preparation of mixtures of saturated aldehydes and y-acetoxy 
saturated aldehydes the procedure is used with added acetic acid but without Cu(II) acetate. 
The procedure has to be optimized for each aldehyde-olefin couple. Telomerization and 
oxidation of the intermediate adduct radicals can be obviated by working at low olefin and 
Mn(III) concentrations. 


9.10. Addition of Cyclopentanone to Isobutylene with Mn(III) Acetate 
to 2-Isobutylcyclopentanone 72 

A mixture of 42 g of cyclopentanone, 5.6 g of isobutylene, 30 ml of heptane, and 13.4 g 
of Mn(III) acetate dihydrate is shaken in a sealed tube at 40°C until the dark brown color of 
Mn(III) acetate has disappeared (24 h). The tube is cooled and opened and allowed to come 
to room temperature to remove excess isobutylene. Precipitated manganese (II) acetate is 
filtered and the filtrate is distilled to yield 3.5 g 2-isobutylcyclopentanone bp 43 °C 
(1 mm Hg). 


9.11. Mn (III) Acetate-Initiated Addition of Acetone to 1-Hexene. 

Formation of Methyl-heptylketone 28 

A solution of manganese (III) acetate is prepared by adding 2.5 mmol of finely pow¬ 
dered potassium permanganate in small portions to 10 mmol of manganese (II) acetate 
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tetrahydrate in 3.3 mol of acetic acid containing 0.05 mol acetic anhydride. The mixture is 
well stirred at ambient temperature for 1 h. The solution is transferred to a dropping funnel 
and added dropwise over 5 h to a solution of hexene-1 (0.1 mol) in acetic acid (0.17 mol) 
and 1.4 liter of acetone heated under reflux and stirred well. The reaction mixture is allowed 
to cool to room temperature and precipitated manganese (II) acetate is filtered. Excess 
acetone is removed by distillation, water is added to the residue, and this is extracted with 
ether. The residue obtained by distillation of the dried, combined ether extracts is distilled 
and yields 41 mmol of methyl n-heptylketone, i.e., 330% based on intake Mn(III) acetate. 


9.12. Oxidative Addition of Acetylacetone to a-Methylstyrene with 

Mn(III) Acetate to 2,5-Dimethyl-3-acetyl-5-phenyl-dihydrofuran 78 

0.25 mol of Mn(OAc),- 2H : 0 is dissolved in 1 liter of glacial acetic acid at 45°C in a 
nitrogen atmosphere. A mixture of 0.13 mol of a-methylstyrene (15.3 g) and 0.75 mol of 
acetylacetone (75 g) is added. After 10 min the brown color of manganese (III) acetate dis¬ 
appears and the reaction mixture is allowed to cool to room temperature. Precipitated 
manganous acetate is filtered and excess acetic acid is distilled off. Water is added and the 
product dihydrofuran is isolated by extraction with ether followed by distillation. 


9.13. Addition of Cyclohexanone to Isopropenylacetate with Mn(III) Acetate to 
2-Acetonyl-cyclohexanone 77 

0.5 mol of manganese (III) acetate dihydrate is dissolved in 500 ml of acetic acid at 
70°C. To this solution 0.5 mol of cyclohexanone and 0.5 mol of isopropenylacetate are 
added. After 10 min the brown color of Mn(III) acetate disappears and the reaction product 
is allowed to cool to room temperature. Precipitated manganous acetate is filtered, excess 
acetic acid is distilled off, and water is added. The mixture is extracted with ether and dis¬ 
tilled, yielding 8 g of 1,4-diketone [22% based on manganese (III) acetate]. 


9.14. Mn(III) Acetate-Initiated Addition of Carbontetrachloride to 1-Octene with 

Formation of l,l,l-Trichloro-3-chlorononane 84 from l-Octene, Carbontetrachloride, 
and Mn(OAc) 3 

A 2-liter autoclave equipped with an efficient stirrer is charged with 100 ml of acetone, 
900 ml of carbontetrachloride, 4.6 g of anhydrous manganese (III) acetate, and 22.4 g of 
1-octene. The reaction mixture is heated in a nitrogen atmosphere at 120°C for 75 min. After 
cooling to room temperature any precipitated material is filtered off and excess carbon 
tetrachloride and acetone are distilled. The residue is further distilled under reduced pressure 
and yields 45 g of l,l,l-trichloro-3-chloro-nonane [85% on added Mn(III) acetate]. 


9.15. Oxidative Addition of Acetone to Benzene with Manganese (III) Acetate 
to Yield Methylbenzyl Ketone 68 from Benzene, Acetone, and Mn(OAc) 3 

116 g of acetone, 39 g of benzene, and 27 g of manganese (III) acetate dihydrate were 
heated in a nitrogen atmosphere in 100 ml of acetic acid at 70°C. After 4.5 h the reaction 
mixture was allowed to cool to room temperature and precipitated manganese (II) acetate 
was filtered off. Unreacted acetone, benzene, and acetic acid were distilled and to the residue 
water was added. The resulting mixture was extracted with ether and the collected ether frac¬ 
tions dried over MgS0 4 and distilled yielding 2.4 g of methylbenzylketone [36% on the 
basis of intake Mn(III) acetate] bp 50-52°C (1 mm Hg). 
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9.16. Oxidative Addition of Nitromethane to Benzene with Manganese (III) Acetate 
to Yield Phenylnitromethane 91 

Manganese (III) acetate dihydrate (0.01 mol) was dissolved in glacial acetic acid 
(25 ml) at 70°C. Benzene (25 ml) and nitromethane (25 ml) were added and the mixture was 
heated to 83 C C under a nitrogen atmosphere while stirred well until the brown color of 
manganese (III) acetate had disappeared (2 h). The reaction mixture was allowed to cool to 
room temperature, precipitated manganese (II) acetate was filtered off, and the filtrate was 
washed with water. The organic layer was dried over anhydrous sodium sulfate and distilled 
yielding 78% phenyl nitromethane. 
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1. INTRODUCTION 

Transition metal organometallic chemistry has been one of the most active areas of chemical 
research for the past 25 years. 1-26 A significant part of this academic and industrial research 
has been concerned with the use of transition metal organometallics in organic synthesis. 
Although the majority of the processes utilized industrially involve catalysis by metal com¬ 
plexes. an increasing variety of catalytic processes are being developed for conventional 
laboratory syntheses. Moreover, since catalytic processes are generally more selective and do 
not produce large amounts of inorganic compounds which are difficult to dispose of, this dis¬ 
cussion of cobalt oxidations will include catalytic processes and traditional stochiometric 
oxidation procedures. 

The redox potential (£ 0 ) for Co(III)-f e — Co(II) is 1.82 V in aqueous solution. Redox 
potentials are influenced by the nature of the ligands and the solvent. It appears that the 
redox potentials for cobalt complexes in organic solvents are not yet available. 

Among the cobalt compounds included in this discussion are cobaltous acetate 
[Co(OAc) 2 ], acetabromocobalt(II) [Co(OAc) Br], cobaltic acetate [Co(OAc) 3 ], cobaltic 
trifluoroacetate [Co( 0 2 CCF 3 ) 2 ], cobalt carboxylates, hydridodinitrogentrisftriphenyl- 
phosphine) cobalt(I) [CoH(N 2 )[P(C 6 H 5 ) 3 ] 3 , I], cobaltacene [Co(»/ 5 —C 5 H 5 ) 2 , 2], 
cobalticenium ion [Co(^ 5 -C 6 H ; ) 2 + , 3], the oxygen adduct of cobaltacene ( 4 ), dicobaltocta- 
carbonyl (Co 2 (C0 2 ) g , 5, also 6 in solution], /i-peroxo complexes (e.g., 7, L = NH 3 ), 
superoxo complexes (e.g., 8), A r ,A r '-ethylenebis(acetylacetoniminato)cobalt(II) [Co(acacen), 
9], Af,A^'-ethylenebis(salicylideneiminato)cobalt(II) [(Salen) Co(II), Salcomine, 10), and 
polymer supported cobalt catalysts. Owing to the extensive literature references 27 ' 33 and 
vigorous experimental conditions, examples of dicobalt octacarbonyl (5, 6) hydroformylation 
of olefins will not be discussed. 
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2. MECHANISMS 

2.1. Carbon-Hydrogen Bonds 


2.1.1. Alkanes and Cycloalkanes 

The autoxidation of alkanes and cycloalkanes, which is facilitated by the presence of 
cobalt compounds, involves alkyl hydroperoxides as intermediates. Autoxidation proceeds 
via a free radical chain mechanism. Although autoxidations may be performed without a 
metal catalyst, a radical initiator f ROOH, ROOR) may be added. Alkyl hydroperoxides may 
be oxidized [Eq. (2)] or reduced [Eq. (3)] by metal complexes. Thus, since cobalt(II) and 
cobalt(III) are of comparable stabilities, alkyl hydroperoxides are concurrently oxidized and 
reduced in the presence of cobalt [Eq. (4)]. This catalytic decomposition of alkyl 
hydroperoxides leads to alkoxy and alkylperoxy radicals. 31-37 The relative rates of Eqs. (2) 
and (3) are solvent dependent. 33,37 The cobalt catalyzed decomposition of /er/-butyl 
hydroperoxide in chlorobenzene has been studied [Eq. (5)]. 36 


R-C-H + O,-► R-C-O-OH (1) 

I * I 

R-O-OH- III)-► r6, + Co(II) + H + (2) 

o(II)-► RO + Co(III)+ “OH (3) 


R-O-OH 
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2R-0-0H R0 + R0, + H,0 


CH, 

I 

CH,-C-0-0H 


CH, 


CH, 


CH, 


conn 


CH, 

t 


0, + CH,-C-0H + CH,-C-0-0-C-CH, 

I I i 

CH, CH, CH, 


(4) 


(5) 


In these catalyzed autoxidations, there is competition between the cobalt ion induced 
and radical induced decompositions of alkyl hydroperoxides. Thus, chain initiation may 
occur via cobalt catalyzed decomposition of the alkyl hydroperoxide under autoxidizing 
conditions, 34 or via oxidation of Co(II) to Co(III). 35 The concentration of Co(III) reaches a 
maximum which coincides with the formation of aldehydes in the oxidation mixture. The 
decrease in the concentration of Co(III) after the maximum is explicable in terms of 
Eq. (6). 35 


O O 

II II 

R—C —H + Co(III)-► R-C + Co(II) + H + (6) 

The mechanism for the cobalt oxidation of n-butane to acetic acid is shown in Eqs. 
(7)—{ 1 1 ), 38-48 The 2-butyl hydroperoxide that forms initially [Eqs. (8), (11)] affords the 
ultimate oxidation products in many different ways. Catalytic decomposition by cobalt salts 
gives C„H 9 0 and C 4 H,0 2 radicals that replace radicals lost by chain termination processes 
and thereby sustain the oxidation cycle. A ^-cleavage of the 2-butoxy radical provides one 

CH,CH 2 CH 2 CH, + Co(III)-► CH,CH 2 CHCH, + Co(II) + H + (7) 

OO- 

I 

CH,CH 2 CHCH, + O,-► CH,CH 2 CHCH, (8) 

OO- o 

I II 

CH,CH 2 CHCH, + Co(II)-► CH,CH 2 -C-CH, + Co(III)OH (9) 

O O OOH 

II II I 

CH,CH 2 -C-CH, + 0 2 -► CH,—C—CHCH, (10) 

OOH 

I 

CH,CH 2 CH 2 CH, + 0 2 -► CH,CH 2 CHCH, (11) 

pathway for C —C bond fission [Eq. (12)]. The acetaldehyde intermediate is easily oxidized 
to acetic acid (vide infra). Other reasonable C —C bond fission mechanisms are shown in 
Eqs. (13) and (14). 44 


OOH O- 

CH,CH,CHCH, —CH,CH 2 CHCH, -► CH,CHO + C 2 H 5 (12) 
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O OO- O 

I! I I! 

CH3-C-CHCH3-► CHj-C +CH 3 CO,H 


(13) 


OOH 


CH3CHXHCH3 


Co(lII) 


o—o 

ch 3 ch 2 -chch, 


ch 3 cho + c 2 h 5 6 


(14) 


The beneficial effect of 2-butanone addition is due in part to its conversion to the 
a-hydroperoxide which can oxidize cobalt(II) to cobalt(III) [cf. Eqs. (3), (9), (10)]. 

In order to eliminate the induction period in the autoxidation process, ozone may be 
used to preoxidize part of the cobalt(II) salt to a /l 3 -oxo bridged trimer [Co 3 (OAc) 6 - 
(AcOH) 3 ] which is a good initiator. 45 

The oxidizing activity of cobaltic acetate in acetic acid is enhanced by strong acids to 
such an extent that the n-alkanes can be oxidized at low temperatures. 49 " 52 Acetate esters or 
alkyl chlorides are formed under nitrogen while ketones are mainly produced if dioxygen is 
present [Eq. (15c)]. 49 A combination of trifluoroacetic acid and carbon tetrachloride also 
gives the alkyl chloride. Thus, trichloroacetic acid acts not only as a strong acid, but also as 
a source of chlorine atoms. 49 Interestingly, tertiary carbon-hydrogen bonds are oxidized at 
significantly lower rates than secondary C —H bonds [Eq. (17)]. 52 Unusual selectivities have 
also been reported for the liquid phase autoxidation of alkanes in the presence of 
CofOAc),. 40 ”- 55 

OAc 


n-C 7 H 16 + Co(OAc) 3 


CFjCOjH.AcOH 

Nj 


CCI3CO2H. AcOH 
Nj 


CFjCOjH.AcOH 

O; 


CH 3 (CH 2 ) 4 -CH-CH 3 
81 % selectivity 


Cl 

I 

CH 3 (CH 2 ) 4 -CH-CH 3 
80 % selectivity 


O 

II 

CH 3 (CH 2 ) 4 -C-CH 3 
83 % selectivity 


(15a) 


(15b) 


(15c) 


cci 3 co 2 h + r-► r-ci + cci 2 co 2 h 


(16) 


Cl 


(CH 3 ) 2 CHCH 2 CH 2 CH 3 + Co(OAc ) 3 


CChCOjH 

AcOH.N 2 


(CH 3 ) 2 CHCH 2 - CH - CH 3 
74% selectivity 


(17) 


2-Methylpropane is less reactive toward Co(OAc) 3 than n-butane and no kinetic isotope 
effect was observed with deuterated alkanes. These data are at variance with a mechanism 
simply involving hydrogen atom abstraction by a free radical in the rate-determining step. 
Moreover, the higher oxidation potential of n-butane versus 2-methylpropane suggests that 
the former should be oxidized more slowly. Thus, this argues against a mechanism involving 
electron transfer as the rate-determining step. Although the mechanism of the Co(III) 
oxidation of alkanes remains to be elucidated, these catalyzed reactions may involve rever¬ 
sible formation of alkyl radicals by direct reaction of the alkane with Co(III) [Eqs. (7), (18), 
(19)] or via electrophilic substitution at the saturated carbon center [Eq. (20)]. 
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R-H + Co(Illl^ R +Co<lI) + H " 


R+Co(IIl) 


I 

R—C — H+Co( OAc 1 

1 


R-C 


Co(II) + R * 

H 

Co(OAc) 2 


* 

-H ' 


Products 


R—C—Co(OAc) 

l 


(18) 

(19) 


R-C+Co(OAc) 3 (20) 


The oxidation of alkanes with metal oxidants has been compared with electrochemical 
oxidations. 56-58 Cyclohexane is converted to cyciohexyl hydroperoxide, which is decomposed 
to cyclohexanol and cyclohexanone. 59 " 62 The reaction is performed by reacting air with a 
cyclohexane solution of soluble Co(II) carboxylate such as 2-ethylhexanoate or 
naphthenate. 59 Other metal ions such as Mn(II) or Cr(III) are frequently used in addition to 
cobalt in order to control product distribution. The metal ions may not have a direct role in 
the formation of cyclohexyl hydroperoxide, but they have a controlling role in converting the 
hydroperoxide to cyclohexanol and cyclohexanone [Eqs. (2), (3), (4), (5), (12), (21 )]. 44 
Once formed, cyclohexanol and cyclohexanone are converted to adipic acid with various 
catalysts. 65 " 69 

OOH OH O 

0 — 6 —- 6*6 ,21 ' 


At high concentrations of Co(OAc) : , cyclohexane is oxidized directly to adipic acid at 
90°C in acetic acid. 54,70,71 By analogy with the oxidation of n-butane. the autoxidation of 
cyclohexane may involve Co(lII) as the chain transfer agent in a direct reaction with the sub¬ 
strate [Eqs. (22)-(26)]. 54 Depending on the experimental conditions, one can also obtain 
high yields of succinic and glutaric acids along with adipic acid from the cobalt catalyzed 
autoxidation of cyclohexane. 54,71 " 76 


+ Co(ni) - 

-► ^~^* + Co(II) + H f 

0'*°: -' 

■o* 

6; + C0(Il) ■ 

—► <^)=o + co(ni)OH 

<^>=o+couin - 

-► <^)=o + co(n) +h 


6, 




r^CO,H 

kJTCKH 


( 22 ) 


(23) 


(24) 

(25) 


O 


(26) 
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As with alkanes, unusual selectivities are observed in the cobalt(III) acetate oxidation of 
cyclohexane and substituted cyclohexanes. Methylcyciohexane is less reactive than 
cyclohexane, and cyclohexane, which has a higher oxidation potential than benzene, is 
oxidized significantly faster than benzene. 40,53 ' 55,77 " 80 

The one-step conversion of cyclododecane to 1,12-dodecanedioic acid with Co(OAc) 2 in 
acetic acid does not proceed in good yield owing to the nonselectivity of the catalyst. 81,82 



2.1.2. Benzylic Oxidations 

Autoxidation of alkylbenzenes under mild conditions generally leads to alcohols, 
aldehydes, and ketones. 50,83 " 88 The primary products are benzylic hydroperoxides, which 
ultimately lead to the observed products. Using a wide variety of metal catalysts, one can 
easily convert alkylbenzenes to the corresponding carboxylic acids. 90 " 139 


Ar—CH 2 —R + O,-► Ar-CH-R (28) 

The generally accepted mechanism for the Co(OAc) 3 oxidation of methylbenzenes is 
shown in Eqs. (29H32). 94,103 " 114 Equations (33)—(36) describe the mechanism for the cobalt 
catalyzed autoxidation of alkylbenzenes. During the autoxidative process, the efficient trap¬ 


Ar—CH 3 4- Co(III) ^ 

[ Ar—CH 3 ] + ‘ + Co(II) 

(29) 

[Ar—CH 3 ] + '- 

- Ar—CH 2 + H + 

(30) 

Ar —CH 2 4- Co(III)- 

- Ar—CH 2 + Co(II) 

(31) 

Ar-CH +AcOH- 

- Ar—CH 2 —OAc + H + 

(32) 


ping of the benzyiperoxyl ra> -1 by the high concentration of Co(II) essentially eliminates 
the expected reaction of alky, .roxy radicals [Eq. (37)]. Benzyl acetates [Eq. (32)] are for¬ 
med in the absence of oxygen and the benzaldehydes [Eq. (35)] may be isolated in certain 


Ar—CH, + 0 2 — 

— Ar —CH 2 —O—O 

(33) 

Ar —CH 2 —0 2 + Co(II) — 

—* Ar—CH 2 — 0 2 Co(III) 

(34) 

Ar-CH ^O-^O^-Codll) — 
1- ' 

—► Ar—CHO 4- Co(III) OH 

(35) 

1 

H 



Co(III) OH 4- AcOH — 

—► AcOCo(III) + H 2 0 

(36) 


cases 118 at relatively high Co(III) concentrations and low oxygen pressure or autoxidized to 
the corresponding carboxylic acid. 119,120 


Ar—CH 2 —0 2 4- Ar —CH 3 


Ar—CH 2 + Ar—CH 2 —OOH 


(37) 
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Some of the important results, hypotheses, and concepts from the extensive studies of 
the cobalt oxidation of alkylbenzenes are as follows: 

1. The relative rates of oxidation of alkylbenzenes by Co(OAc) 3 in acetic acid are 
opposite of that expected from a classical free radical mechanism. 106107 ' 108 ' 121 

2. The ESR spectra of radical cations have been observed during the Co(OAc), in 
trifluoroacetic acid oxidation of alkylbenzenes. 105122 

3. Under nitrogen and in the absence of strong acid, the Co(OAc) 3 oxidation of 
ethylbenzene in acetic acid obeys kinetics that can be explained by assuming that 
cobalt atoms are associated in the dinuclear species Co(III) and Co(II)-Co(III), with 
only the former being the active oxidant. Similar kinetics are observed in the presence 
of trichloroacetic acid except that no inactivation of Co(III) by Co(II) takes place. A 
mechanism is proposed whereby the cobaltic species oxidizes ethylbenzene to yield 
reversibly a benzylic radical. 51 

4. The rates of oxidation of alkylbenzenes by Co(III) acetate are dramatically enhanced 
in the presence of strong acids such as sulfuric or trifluoroacetic acid. 50,51 123 ' 125 

5. Bromide, as R-Br, HBr, NH 4 Br or NaBr, has a significant synergistic effect on the 
cobalt catalyzed oxidation of alkylaromatics. 105 126-128 The optimum 1:1 molar ratio 
of Co(OAc) 2 to NaBr yields Co(OAc) Br. 

6. The rate of Co(OAc) 2 catalyzed oxidation of p-xylene to terephthalic acid is enhan¬ 
ced significantly by small amounts of Zr(IV) and Hf(IV) acetates, but the relative 
rates of oxidation of toluenes were not affected by these additives. 95 100 129 


2.1.3. Tetralins 

The discussions above for alkyl hydroperoxides are also applicable to the cobalt 
autoxidation of tetralin. 31 ' 34130 

00 

Transition metal complexes (Co, Cu, Fe, Mn, etc.) in solvents of low polarity behave as 
catalysts at low concentrations or as inhibitors at high concentrations during autoxidations. 
If the alkyl hydroperoxide concentration is less than that of the metal, this catalyst-inhibitor 
conversion leads to long induction periods. In the cobalt catalyzed oxidation of tetralin, a 
catalyst-inhibitor conversion was observed at about 0.1 M Co(OAc) 2 . 140141 Equations 
(39)—(42), which include metal-hydroperoxide complexes, have been proposed to explain the 
catalyst-inhibitor conversion. 141 


R0 2 H+Co(II)^= 

=: [Co(II)R0 2 H] 

(39) 

[Co(II)R0 2 H] — 

— RO' + Co(III) OH 

(40) 

R0 2 H+Co(III);= 

[Co(III)R0 2 H] 

(41) 

[Co(III) RO,H] — 

—* R0 2 + Co(II) + H + 

(42) 


The phenomenon of the limiting rate, whereby reaction rates ultimately level off at some 
limiting value during metal catalyzed autoxidation, is also explicable in terms of the metal 
hydroperoxide concept. These concepts have been applied to the cobalt catalyzed 
autoxidation of tetralin in acetic acid. 141-144 


OOH 


+ Ot 





(38) 


2.1.4. Ally lie Oxidations 

Selective allylic oxidation under autoxidation conditions has been observed in the 
cobaltic naphthenate catalyzed oxidation of 2-methyl-2-pentene to the a,/)-unsaturated 
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ketone [Eq. (43) 145 and in the cobalt catalyzed autoxidation of cyclohexene and 
2-phenylpropene. 55 ' 130 146 Allylic hydroperoxides and/or allylic radicals are reaction inter¬ 
mediates. 


(CH 3 ) 2 C = CHCH 2 CH 3 


o 

(CH,) 2 C = CH-C-CH 3 


(43) 


+ o. 


Co(OAc)Br 


AcOH 


o 

ii 

o-c-ch 3 


(44) 


C = CHt 

I 

CH, 


+ o. 


Co(OAc)Br 


o 

li 

C-CH, 

+ 


62% 




(45) 


jOCOCH, 


2.2. Arenes 

Although arenes are inert to Co(OAc) 3 in acetic acid at high temperature, benzene and 
halobenzenes are oxidized at 23-25°C by Co(OAc) 3 in trifluoroacetic acid. 123 This is another 
example of the enhancement of the electrophilic character of cobalt in the presence of strong 
acids. Equations (46)-(48) describe a reasonable mechanism for the trifluoroacetoxylation of 
arenes by Co(0 2 CCF 3 ) 3 . 123 147 The reaction of Co(III) with methylbenzene affords 
oligomeric products resulting from the reaction of toluene with the toluene radical cation. 148 

The Co(III) oxidation of benzene in aqueous solution has been reported. 149 
The ultimate products were 1,4-benzoquinone and muconic acid 
(H0 2 CCH = CHCH = CHC0 2 H). 


+ Co(0 2 CCF 3 ) 3 


+ Co(o 2 ccf 3 ) 2 + cf 3 co 2 - 



+ cf 3 co 2 h 



o 2 ccf 3 

H 


+ H + 


(46) 

(47) 


0-.CCF, 

+ Co(0 2 CCF 3 ) 3 


o 

II 

0-C-CF 3 

+ Co(0 2 CCF 3 ) 2 + CF 3 C0 2 H (48) 


2.3. Carbon-Carbon Double Bonds 

The oxidation of ethene by cobaltic trifluoroacetate in trifluoroacetic acid gives ethylene 
glycol di(trifluoroacetate). 124 Kinetics and ESR studies support a radical cation mechanism 
[Eqs. (49M52)]. 124 - 150 - 151 


CH 2 =CH 2 + Co(0 2 CCFj) 2 + — 

—* CH 2 -CH 2 + Co(0 2 CCF 3 ) 2 

(49) 

ch 2 -ch 2 +cf 3 co 2 h — 

—♦ cf 3 co 2 ch,-ch 2 + h + 

(50) 
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cf 3 co 2 ch 2 -ci- 

I 2 + Co(0 2 CCF 3 ) : — 

—*■ cf 3 co 2 ch 2 - 

-CH 2 + Co(0 2 CCF 3 ) 2 

(51) 

cf 3 co 2 ch 2 

-ch 2 + cf 3 co 2 h — 

—* cf 3 co 2 ch 2 - 

-ch,o,ccf 3 + h + 

(52) 


The kinetics of the cobaltic sulfate catalyzed oxidation of eight unsaturated hydrocar¬ 
bons in dilute sulfuric acid obey a second-order rate law. 152 Radical cations resulted from 
attack of the cobaltic ion at the double bond. In contrast, similar olefins were not oxidized 
by a cobaltic solution in glacial acetic acid. 152153 

The oxidation of styrene, 154 and a- and cis- and franj-/?-methylstyrene 155 with cobaltic 
acetate in acetic acid has been studied. The product distribution was greatly affected by the 
composition of the solvent. In dry acetic acid, extensive formation of radical products was 
observed, while in wet acetic acid the reaction led exclusively to 1,2-addition products. 154 

A mechanistic scheme has been presented for the epoxidation of nobornene, tert- 
butylethyiene, and 1,1-dineopenty(ethylene using dioxygen in the presence of cobaltic 
acetylacetonate. 156 

Several mechanisms have been proposed for the conversion of cobalticinium ion (3) into 
azulene. 157-158 


ccv 


(53) 


3 


The principle of binuciear catalysis has been applied to the dimerization of bicyclo- 
[2.2.1 ] heptadiene to Bisnor-S ( 12 ) using Zn[Co(CO) 4 ] 2 with or without BF 3 • 0(C 2 H 5 ) 2 159 
or more accessible catalyst systems such as CoBr ; • 2P(C 6 H 5 ) 3 ■ BF 3 /0(C 2 H 5 ) 2 or CoI 2 • 2P 
(C 6 H 5 ) 3 • BF 3 • 0(C 2 H 5 ) 2 [Eq. (54)]. 160 In this stereospecific dimerization of norbornadiene. 



intermediate n complexes giving rise to only one activated complex are formed. Bisnor-S ( 12 ) 
is an intermediate in the formation of diamantane ( 13 ). 161 Cobalt carbonyl hydride 
[HCo(CO) 4 ] is a strong acid and its sodium salt [sodium cobalt carbonylate, NaCo(CO) 4 ] 
is colorless and air sensitive. 162 The moderately nucleophilic anion [Co(C0 4 _ ] reacts with 
organic halides (vide supra) to produce alkyicobalt tetracarbonyl complexes, which in the 
presence of carbon monoxide rapidly convert to the corresponding acylcobalt tetracarbonyl 
( 14 ). These complexes ( 14 ) react with 1,3-dienes to form acyiated t; 3 -ailyicobalt carbonyl 
compounds ( 15 ). Treatment of 15 with base affords acyldienes. 162 

H,. PlQ./AcOH-HCI AlBr,(BF,)-CS. 

90*4-97% n u 62V.-7I*/. * 

'-'14** 20 

Tetrahydro-bisnor-S 




12 


13 
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O 

|! 

CO 

Co(C0 4 r + RX-► RCo(CO) 4 -► R-C-Co(CO) 4 (56) 

14 

O 

II 

R-C-Co(CO) 4 + 

14 

o 

11 ^ ^ 

R — C ♦- 


Hydroacylation [cf. Eq. (57)] provides a facile route to ketones from terminal olefins 
under neutral reaction conditions at 22-25°C with inexpensive reagents. 163 An example of 
hydroacylation, using l, 164 is shown in Eq. (58). 


r O 

II 

R-C 


Co(CO), 

15a 


O 

and/or R-C '^^^' Co(CO >' 

15b 


'Co(CO) 3 


=o 



Co(CO), 


(57) 


CH 2 = CH, + HCo(N 2 )L, 


1 L = P(C 6 H 5 ) 3 


HCo(CH 2 = CH 2 ) L 3 ;±CH 3 CH 2 CoL 3 

n-CjHjCOCI 


o 

CH 3 CH 2 -C-CH 2 CH 2 CH 2 CH 3 + C1CoL 3 


o c 3 h 7 -« 

\ / 


c 


L 


L 

/ 


Co 


/ 

CH 3 CH 2 


L 


Cl 


(58) 


2.4. Carbon-Carbon Triple Bonds 

Although Co(Ill) may attack ethyne, 165 there are many alkynes in which the triple bond 
is inert to cobalt. It has been found 166 that ethyne and substituted acetylenes readily displace 
the two bridge carbonyl groups in dicobalt octocarbonyl (5) to yield a new type of 
organometallic compound (acetylenic dicobalt hexacarbonyls, 16). 167 At higher temperatures 


C 6 H 5 C = CC 6 H 5 + 5 


c„h 3 


°S C 

C v / 

o-c-CoH 

o 


\/ c 

-- Co- 

/ r 


C = Q + 2 CO 


O 


(59) 


c 6 h 5 

16 
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(65-280°C), acetylenes are trimerized to benzene derivatives by 5 [Eq. (60)]. 168 This 
methodology led to the first synthesis of a benzene ring having two ortho /-butyl groups. 169 


HCsC-CH : CH,OH+5 


CHjCHtOH 

XXH : CH,OH 


V 


CH,CH,OH 


(60) 


3(CH 3 ) 3 CC = CH 


Co 3 (CO) 4 [(CH,) 3 CC 3 H] 3 


C(CH,) 3 

>^-C(ch 3 ), 


C(CH,), 


( 61 ) 


The dicobalt octacarbonyl-alkyne complexes (e.g., 16), which result when the alkynes 
bridge the two metals using their n bonding orbitals, are relatively stable and may be used as 
alkyne protecting groups in electrophilic addition and hydroboration reactions. 170 ” 173 

Among the transition metals capable of cyclotrimerizing alkynes to aromatics, CpCoL, 
complexes are some of the most efficient. 174-196 A proposed mechanism involves coordination 
of two molecules of alkyne (17), formation of the metallacyclopentadiene [18, Eq. (62)], 

R 

CpCo (62) 

R 

18 

coordination of another molecule of alkyne (19), and collapse to products with regeneration 
of catalyst [Eq. (63)]. The cobalt complex CpCo[P(C 6 H 5 ) 3 ] 2 reacts with alkynes to give 
isolable metallacyclopentadiene complexes (20) which catalytically cyclotrimerize alkynes. 193 


2 RCsCR + CpCoL 3 


cpc** 

17 



Several reasonable mechanisms, including insertion to give a metallacycloheptatnene 
[Eq. (64)], a Diels-Alder-type cycloaddition without prior coordination of alkyne, and a 
Diels-Alder type cycloaddition within the coordination sphere of the metal, have been 
proposed for the formation of arenes from cobalt catalysts and alkynes. 194 - 1,s 

Several cobaltacyclopentadiene complexes (20) react with olefins (ethene, propene, 
phenylethene, methyl acrylate, dimethyl maleate) to give the corresponding cyclohexadiene 
complexes. 196 The first step of the reaction involves replacement of triphenylphosphine by 
olefin. These reactions may proceed via metallacyclopentadienes 196 or metallacyclo- 
pentenes, 185 depending on the relative coordinating abilities of the unsaturated species 
[Eq. (65)]. The complex CpCo[P(C 6 H 5 ) 3 ] 2 reacts in a stepwise manner with two different 
alkynes to give mixed cobaltacyclopentadiene complexes (21) which react with olefins to 
yield cyclohexadiene complexes (22) or cyciohexadienes [Eqs. (66) and (67)]. Although 
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20 + 2RCsCR + R,CH = CHR, 



(65) 


CpCo[P(C*H s ),] : 


I R,C = CRi 
2. R.CsCR, 



R. 

R, 


( 66 ) 
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there are still unanswered questions concerning the last step, the proposed mechanism [Eqs. 
(66), (67)] is reasonable. 

Cocyclotrimerization involving electron deficient olefins such as crotononitrile, 
fumaronitrile, dimethyl fumarate, and dimethyl maleate occurs with 19 to form metallacyclo- 
pentenes (23). 185 The metallacyclopentene 23 can react with acrylonitrile to afford open 
chain diene complexes [25, Eq. (69)], or 23 can react with diphenylethyne or methyl phenyl- 
propiolate to produce cyclohexadienes [Eq. (70)]. 


(X 

o 



2.5. Organic, Organomagnesium, and Organomercuric Halides 

Cobaltous chloride is not a very effective catalyst in the preparation of alkylmagnesium 
fluorides. 197 However, a catalytic amount of CoCl 2 influences the course of Grignard reac¬ 
tions through intermediate formation of RCoCl, which promotes coupling with an organic 
halide. 198-203 In the presence of CoCl 2 , alkynyl Grignard reagents also react with alk-l-enyl 
and alkyl halides to give vinylacetylenes and alkyl substituted acetylenes, respectively. 199 

C 6 H 5 MgBr + C.H 3 Br . C 6 H 5 -C 6 H 3 (71) 

C 6 H 5 MgBr + CH 2 = CHCl so ^ ; % ■ C 6 H 5 CH=CH 2 (72) 

C 6 H 5 MgBr + C 6 H 5 C = CBr-C 6 H 5 C = CC 6 H 5 (73) 

Dicobalt octacarbonyl and some of its derivatives [NaCo(CO) 4 , Co 4 (CO) 12 , 
Hg[Co(CO) 4 ] 2 , Co(CO) 3 P(C 6 H 5 ) 3 , NaCo(CO) 3 P(C 6 H 5 ) 3 ] react with activated gem- 
dihalides such as dichlorodiphenylmethane, 9,9-dihalofluorenes, and dimethyl 
dibromoalonate to give the “dimer” olefins (RRC = CRR) via a radical mechanism [cf. Eq. 
(56)]. 162204205 Sodium cobalt carbonylate [NaCo(CO) 4 ] 206 reacts with organic halides 
which are normally reactive in S N 2 processes (e.g., sulfates and sulfonates) to afford 
alkylcobalt-tetracarbonyl complexes that convert to the corresponding acyicobalt tetracar- 
bonyls in the presence of carbon monoxide [Eq. (55)]. 162 Carboalkoxylation of the halide 
occurs if the acyicobalt tetracarbonyl is treated with alcohol in the presence of a hindered 
amine such as dicyclohexyiethylamine. 162,207-209 Less hindered (more nucleophilic) amines 
react with acyicobalt tetracarbonyls to produce amides. 207 


n-C 8 H| 7 I + CO + CH 3 OH + (C 6 H h ) 2 NCH ; CH 3 


NaColCOU 

56% 


«-c 8 h 17 co 2 ch 3 


(74) 


Many organomercuric halides react with dicobalt octacarbonyl (5, 6) in tetrahydrofuran 
solution at 22-25°C to give the ketone (R 2 C = 0) derived from R in RHgX [Eq. (75)]. 2i0 A 
probable mechanism involves the following steps: solvent induced redox disproportionation 

-CO 

C 6 H 5 HgCl-l-Co 2 (CO) 8 (C A H 5 ) 2 C = 0 + Hg[Co(CO) 4 ] 2 + CoBr 2 (75) 
5, 6 


83% 


80% 
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of dicobait octacarbonyl (5, 6) to give THF- Co(CO) 4 + and Co(CO) 4 - ; nucleophilic dis¬ 
placement of halide ion from mercury by Co(CO) 4 ~; electrophilic cleavage of the C — Hg 
bond in RHgCo(CO) 4 formed (or in its disproportionation product, R : Hg) by 
THF • Co(CO)/, forming RCo(CO) 4 ; organic group migration in RCo(CO) 4 to give 
RCOCo(CO) 3 ; and reaction of RCOCo(CO) 3 with RCo(CO) 4 to produce the ketone and 
cobalt carbonyl. 210 

Diphenyimercury also reacts with dicobalt octacarbonyl in tetrahydrofuran to give ben- 
zophenone and Hg[Co(CO) 4 ] 2 . 210 


2.6. Hydroxy Compounds 


2.6.1. Alcohols 

Although oxochromium(VI) reagents are the oxidants of choice for converting primary 
and secondary alcohols to aldehydes and ketones (Chapter 2), several mechanistic studies of 
the cobalt oxidation of alcohols have been reported. 18,21 ' 211-222 Isotope effects are observed 
and carbon-carbon bond fission occurs during the oxidation of secondary alcohols [Eqs. 
(76), (77)]. 213,222 Several examples of the reaction of cobalt compounds with alcohols are 
described below. 223,224 


(C 2 H 5 ) 2 CDOH 


ch 3 ch 2 ch 2 choh 


ch 3 


o 

II 

CH 3 CH 2 -C-CH 2 CH 3 + CH 3 CH 2 CDO (76) 

o 

CH 3 CH 2 CH 2 -C-CH 3 + CH 3 CHO (77) 


2.6.2. Diols 

It has been found that cobalt(II) salts are catalysts for the cleavage of 1,2-diols by 
molecular oxygen in aprotic polar solvents. 223 The mechanism probably involves initiation 
by a one-electron oxidation followed by the regeneration of the Co(II) by reoxidation with 
the peroxv acids formed from the oxidation of the aldehydes. Cleavage of the intermediate 
alkoxy radicals can also lead to carboxylic acid formation [Eqs. (79)-(81)]. 226,227 


R-C-OH R-C-O 

| + Co(III)-► | + Co(II) + H + (78) 

R-C-OH R-C-OH 


H 

I . 

R-C-O 


R-C-OH 


RCHO + RCHOH 


(79) 
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RCHOH+O, 


OH 

I . 

R —C —O-, + Co(II) 

I 

H 


OH 

I . 

R —C —O-, 

I 

H 

OH 


R-C T 0-0*-Co(II) 

\ J 

H 

RCO : H + Co(III) OH 


(80) 


(81) 


2.6.3. Carbohydrates 

ESR spectra, obtained during the oxidation of 1,2-dihydroxyethane, xylitol, giucitol. 
glyceraidehyde, glucose, and methyl a-D-glucopyranoside by CofIII) in aqueous perchloric 
acid at 0-60°C to give carbonyl compounds, showed the presence of singlet oxygen radicals. 
The radical in the glucopyranoside is localized at position l. 228 In a subsequent study, 229 the 
ESR spectra of free radicals formed during the Co(III) oxidation of giucitol, D-glucose, and 
methyl a-D-glucopyranoside confirmed that a carbon-hydrogen bond is broken in the 
process. Kinetic parameters confirmed the formation of an intermediate Co(III)- 
monosaccharide complex. 


2.6.4. Phenols and Hydroquinones 

The oxidation of phenols to afford coupled products has received considerable 
study. 230 ' 270 Substitution-inert oxidants such as manganese(III) and cobalt(III) acetyl- 
acetonate oxidize via outer sphere processes. 233 ' 234 After the substitution labile Co(II) species 
have accumulated, the Co(III) (acacouter-sphere process for the oxidation of phenol is 50 
times faster than the inner-sphere oxidation. 234 

(Salen) Co(II) (10) catalyzes the oxidation of alkyl-substituted phenols to 
1,4-benzoquinones' 38 or diphenoquinones, 239 depending on reaction conditions. Benzo- 



quinones are favored at low temperatures and high catalyst concentrations, while dipheno¬ 
quinones predominate at high temperatures and low catalyst concentrations. 239 Thus, benzo- 
quinones are formed via the reaction of the phenoxy radicals with the cobalt catalyst. 
Dimerization of phenoxy radicals, followed by oxidation, yields diphenoquinones. 


R R R 



R R R R R 
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The initial step in the oxidation could involve hydrogen atom abstraction by the super 
oxocobalt(III) or nucleophilic displacement by the phenol on either the peroxo- or /i-peroxo- 
cobalt(III) complex. 242 Insertion of oxygen into the Co(III) complex to form the alkyl- 
peroxocobalt(III) complex is a reasonable second step [Eq. (86)]. A y-hydrogen elimination 
from the alkylperoxocobalt(III) complex [Eqs. (87), (88)] or a second nucleophilic dis- 


R 

HO^} +(L)Co(III)-0-0-Co(III)(L) 

R 


Co(III)(L) 

° = \ == /^ +LCo(III)0 : H 

R 


(85) 



HO 


R 

y \ 


+ LCo(III )OH 


R 


R 


o= 


R 


O —O —Co(III)L 

V 

H 


R 


o= 


0 + LCo(IlI)OH 


R 

R 


OK 


R 


Co(III)L 

H 


+ h 2 o 


( 86 ) 


(87) 


( 88 ) 


placement to regenerate the organocobalt(III) complex [Eqs. (89), (90)] is a reasonable 
third step in the mechanism. 242 ' 244 Although the organocobalt(III) intermediate has not been 
identified in all systems, it is easily interconverted as shown in Eq. (91 ). 4 ’ 242 - 244 



The catalytic oxidation of 4-alkyl-2,6-di-tm-butylphenols with (Salpr)Co [28, 
Eq. (92)] at 22-25°C gives the corresponding p-quinols (100%). 245-250 At 0°C in 
dichloromethane or methanol, the intermediate alkylperoxycobalt(III) complex is formed 
[Eq. (94)]. 

The first step in the (Salpr) Co (28) oxidation of phenols could involve initial removal of 
a proton by the superoxo complex [Eq. (95)], 4 251 255 or via an initial hydrogen atom 
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+0 2 ^ 



(92) 


C(CH,) 


C(CH,)j 


R-i^V-OH+O, 


CH,OH 


C(CH,), 

HO/=< 

R^ 

C(CH,), 


(93) 



(CH 3 ) 3 C 

V=\ O —O —Co(III)(Salpr) 

°Vr 


(CH,),C 


>=\Co(III)L 

°^P< R +H °-’ 

R 


(94) 


(95) 


abstraction from the phenol by the superoxo complex [Eq. (96)]. 245-230 The phenoxy radical 
generated in Eq. (96) may undergo reduction to give an organocobalt complex that inserts 
oxygen. Alternate mechanisms, the reaction of the alkylperoxocobalt(III) complex with the 
phenol, and the mechanism of cobalt catalysis have been discussed. 245 - 250 - 256 The effects of 


R 

HO-Q-WLMIV-O-O 

R 


6-^^-R + (L)Co(1II)-0-OH 
R (96) 


R 

6— ^y-R + LCo(U) 

R 


O 



Co(III)L >=\ O-O-Co 

+ ° ! "U 

R (97) 


ring substituents (R and R,) in the Salen ligand (31) on the rates and selectivities of these 
oxidations have been studied. 257 4-Hydroxy-(salen)cobalt(II) (32) catalyzes the autoxidation 
of 2,6-di-/erf-butylphenol to the p-benzoquinone in aqueous organic media under basic or 


R> 



31 32 
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neutral conditions. 240 Phthalocyanine Co(II) (33) catalyzes the oxidation of phenols in 
dimethyiformamide. 242 (Acacen) Co(II) (9), 235-237 which forms an oxygen complex 
(34), 258-260 catalyzes the autoxidation of phenols and hydroquinones. 235-237 



The hydroxylation of phenol with hydrogen peroxide in the presence of cobalt(II) 
probably involves hydroxyl radicals. 270 


OH + H,CK 



OH 


2.7. Oxiranes 


Oxiranes (epoxides) react with HCo(CO) 4 or NaCo(CO) 4 to give /(-hydroxyalkylcobalt 
carbonyls which insert carbon monoxide to afford aicylcobalt complexes (35). These 
/Thydroxyacyl complexes (35), which are isoiable, are cleaved by alcohols to yield 
/i-hydroxyesters. 162 


O 

AA 


+ NaCo(CO) 4 


^Co(CO ) 4 co 


O 


HO 


HO 


Co(CO) 4 


(99) 


35 


R —OH +35 


O 

/sA +HCo(CO) 4 (100) 

HO OR 


The use of Co 2 (CO) g , (5, 6) for the stereospecific deoxygenation of oxiranes is described 
below. 271,272 


2.8. Carbonyl Compounds 
2.8.1. Aldehydes 

The mechanism for the autoxidation of aldehydes is similar to that of hydrocarbons 
(vide supra). The principal chain carriers are acylperoxy radicals and the primary products 
are peroxy acids [Eqs. (101)—(103)]. Although it is known that cobalt can catalyze the 
decomposition of peroxy acids via redox reactions similar to those proposed for alkyl 
hydroperoxides, the details of the mechanism are not well understood. 35 ’ 37 ' 273-280 The kinetics 
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RCHO + I-> RC = 0 + FH (101) 

RCO + 0 2 -► RCO; (102) 

RCO, + RCHO-► RCO + RCO,H (103) 

of the cobalt oxidation of aldehydes have been summarized, 280 and the cobalt catalyzed 

autoxidation of aldehydes to carboxylic acids is described in Eqs. (6) and (101H105). 277-280 


RCHO + Co(III) 
RCO,H+Co(II)- 


RCO + Co(II) + H + 
RCO,Co(III)+OH 

RCO, + Co(III) OH 


( 6 ) 

(104) 

(105) 


2.8.2. Ketones and o-Quinones 

The kinetics of the cobalt oxidation of ketones have been described. 281 

Complex formation has been reported during the liquid phase cobalt catalyzed 
oxidation of 3,4-dihydro-1,2-naphthoquinones, a-tetralone, and o-toluic acid. 282 Compiexing 
of ions with oxygen containing products explains catalyst deactivation, precipitate formation, 
color changes, and the direction of reaction in the liquid phase oxidation of hydrocarbons 
which are catalyzed by transition metals. 

(Salen)Co (10) catalyzes the oxidation of /?-isophorone (36) in the presence of 
triethylamine. 283 A mechanism similar to the ones described above for the oxidation of 
phenols is probably operative [Eq. (106M108)]. 283 



(106) 


36 + B: 



1. LCodlll—Q—O—Collll —L 

2. -LCo<II!K> ; 


CH 


CH, 



CH, 

Co( III )L 


38 


(107) 


O 


38 + 0, 


CH, f j -► 37 + LCo(III)OH (108) 

CH/X r* 

H oA)-Co(III)L 

39 


Treatment of cobaltacene (2) with oxygen in ether at low temperatures produces a novel 
oxygen adduct of cobaltacene with an oxygen bridge between two cyclopentadienyl groups 
(4). 284 Complex 4 is a very active reagent for the oxidative cleavage of a C —C bond in 
a-diketones or o-quinones, which affords cobalticinium carboxyiates (40). 285 Treatment of 40 
with hydrogen chloride in ether gave the carboxylic acid and cobalticinium chloride (41) in 
quantitative yields. Similar results were obtained with phenanthrene quinone and 
acenaphthene quinone. 

Superoxo Co(III) complexes derived from (Salper)Co (28) and [Co(CN) 5 ] 3_ reacted 
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O O 

II II 

R—C —C —R + 4-► 2[(ti-C 5 H 5 ),Co] + [RCO,] 


R = CH 3 or C 6 H 5 


40 


(109) 


40 + HC1-► RC0 2 H + 2|>-C 5 H 5 ) 2 Co] + Cl" (110) 

41 


with 2,6-di-r-butyl-p-benzoquinone methides (42) to give 2,6-di-/-butyl-p-benzoquinone and 
2,6-di-/-butyl-2.5-cyclohexadienonespirooxiranes as the main products. 286 The mechanism is 
considered to involve nucleophilic attack by the superoxo species on the exocyclic double 
bond of 42. The superoxo complex [Co(CN) 5 0 2 ] 3_ (8) acts as a reducing agent towards 

287 

qumones. 



(Ill) 


2.9. Carboxylic Acids 

The kinetics of the cobalt oxidation of amino acids, 288-289 ascorbic acid, 290-291 dicar- 
boxylic acids, 292 formic acid, 293 malic acid, 294 mandelic acid, 295 nitrilotriacetic acid, 296 oxalic 
acid, 295 " 297 and phenylethanoic acid 295 have been studied. 


2.10. Nitrogen Compounds 

The oxidation of acetamide, formamide, A'-methylformamide, and A.A-dimethyl- 
formamide by cobalt(III) in perchloric acid at 20°C has been investigated. 298 The reaction 
requires nearly three moles of cobalt(III) for one mole of amide, except for acetamide, which 


hconh 2 - 

Collin 

NH, 

(112) 

CH 3 CONH 2 - 

Co(IlI) 

nh 3 + ch 3 co 2 h 

(113) 

HCONHCH, - 

CoCHI) 

• CH 3 NH 2 

(114) 

HCON(CH 3 ) 2 - 

Co(IlI) 

• (CH 3 ) 2 NH 

(115) 


requires one mole of cobalt(III) per mole of amide. The oxidation of the amides obeys the 
rate law 


-</[Co(III)]/<* = (Jfc, + * 2 [H + ])[amide][Co 3+ ] (116) 

A free radical mechanism was proposed and the activation parameters were calculated for 
each reaction. 298 

The kinetics of electron transfer between aquacobalt(II) and some A-alkyl- 
phenothiazines have been investigated via stopped flow techniques. 299 The reaction consists 
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2.11. Phosphorus Compounds 

Co(Saloph) ■ py ■ NO, (Saloph = MA'-bisalicyclidene-o-phenylenediamino) can be used 
in the stoichiometric and catalytic oxidation of triphenylphosphine to triphenylphosphine 
oxide. 305 ' 307 


2.12. Sulfur Compounds 

Although the use of cobalt complexes with organosulfur compounds remains to be 
explored, 308 ' 313 transient intermediates have been observed in the Co(IlI) oxidation of 
a-mercaptans. 308 The kinetics of the Co(III) oxidation of thiomalic acid have been studied, 309 
the kinetics and mechanism of the conversion of a coordinated thiol to a coordinated 
disulfide by Co(IV) in aqueous perchloric acid have been investigated, 310 and the cobalt (III) 
oxidations of thiourea and its ^-substituted derivatives have been evaluated. 311 


3. SCOPE AND LIMITATIONS 

3.1. Oxidation of Alkanes and Cycloalkanes 

Acetic acid is a major intermediate in the organic chemical industry. 38 ' 39 Although 
further plants for manufacture of acetic acid may be superceded by the rhodium catalyzed 
carbonylation of methanol, most synthetic acetic acid is now made by the autoxidative 
process. The liquid phase autoxidation of n-butane and other alkanes is the largest-scale 
process. The best yield of acetic acid is obtained using ca. 0.2 M Co(OAc) 2 catalyst with 
2-butanone (from n-butane) as a promoter [Eqs. (7}—(13J]. 40 The major byproducts are 
2-butanone, propanoic acid, and 1-butanoic acid. 

Alkanes are readily oxidized by cobaltic acetate in acetic acid w strong acid 
promoters (H,SO„, HC10 4 , CC1 3 C0 2 H). 49 Acetate esters and alkyl chlor are formed 
under nitrogen [Eqs. (15), (124)] while ketones are formed in high yield in presence of 
dioxygen (Table I). 

n-C 7 H 16 + 0 2 -^L* CH 3 (CH 2 ) 4 -CH-CH 3 

I 

OAc 

70% 

+ CHj(CH,) 3 -CH -CHLCH 3 + (CH 3 CH 2 CH,K CH -OAc 

I 

OAc 6 o /o 

24% (124) 

O 

n-C 7 H, 6 + 0 2 C °" ll) ■ CH 3 (CH 2 ) 4 -C-CH 3 

78% 

O 

II 

+ CH 3 (CH 2 ) 3 -C-CH,CH 3 + (CHjCH,CH 2 ), c = o 


15% 


7% 


(125) 
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TABLE I. Isomer Distribution in the Products from the Oxidation 
of n-Alkanes by CoiOAc), in Acetic Acid in the Presence of Strong Acids" 


n-Alkane 

Atmosphere 

Added acid 

Principal 

products 

Yield 

(%) 


Isomer distribution 1 %) 

1 

2 

3 

4 

5 6 

C,H It 

n 2 

h,so 4 

Acetates 

69 

0 

64 

27 

9 


c?h 16 

n 2 

hcio 4 

Acetates 

88 

0 

70 

24 

6 


c,h, 6 

N, 

cf 2 co 2 h 

Acetates 

85 

0 

81 

16 

3 


c 7 h, 6 

N, 

CC1,CO\h 

Chlorides 

76 

6 

80 

9 

5 


C,H It 

o 2 

h,so 4 

Ketones 

69 

0 

60 

27 

13 



o 2 * 

CCIjCO.H 

Ketones 

96 

0 

66 

23 

11 


CloH 2 2 

o 2 

CCl,CO,H 

Ketones 

81 

0 

67 

13 


20 

c 12 h 24 

0, 

CCl,CO,H 

Ketones 

78 

0 

65 

13 


22 6 


' Reference 49. 

* Pressure: 10 kg cm : ; experiment performed in a 316 stainless steel autoclave. 


Cyclohexane may be autoxidized in the presence of cobalt catalyst to succinic, glutaric, 
and adipic acids in good to excellent yields, 54,70-76 or to cycloheyl acetate and 2-acetoxy- 
cyclohexanone. 54 




OAc 




(126) 


3.2. Oxidation of Alkylbenzenes 

During the autoxidation of methylbenzenes, the initially formed benzaldehydes, which 
are more reactive than the methylbenzenes, undergo rapid oxidation to the corresponding 
carboxylic acids. However, in the presence of high concentrations of cobalt catalysts, the rate 
determining step is oxidation of the substrate by Co(III) via electron transfer. In this system, 
since the electron withdrawing effect of the carbonyl group increases the ionization potentials 




CH, 



(127) 


of the benzaldehyde, it is now oxidized at a slower rate than the corresponding methyl- 
benzene. Thus, perhaps with the exception of the Co(OAc) 2 /NaBr catalyst system, it is 
possible to oxidize methylbenzenes to benzaldehydes under mild conditions in the presence 
of high concentrations of cobalt catalysts [Eqs. (128), (129)]. 8>-85 

In the presence of strong acids, Co(OAc) } oxidizes alkylbenzenes at 23-25°C in acetic 


CHjO 


CH, + 0, 


Co(QAc), 

AcOH 


CHjO 


CHO 


/^-CH,+0, 


Co(OAc); 

HOAc 


( 


CHO 


(128) 

(129) 


c*h 5 o 


c 6 h 5 o 
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acid to the corresponding benzaidehydes and benzyl acetates. 50-86 Under similar experimental 
conditions, ethylbenzene is oxidized primarily to methyl phenyl ketone. 87 


x X 

C^ CH3CH? h^ io :i ’ (^c-ch 



,+ / V-CHCH, + 

OAc 


OH 


(130) 


(131) 


The cobaltic acetate oxidation 1 -ethyl-4-methyl-, 1,2,3-trimethyl-, 1,2,3,5-tetramethyI-, 
5-/err-butyl-1,2,3-trimethyl-, and 5-/m-butyl-l,3-dimethyl-2-(trideutenomethyl(benzene was 
studied under nitrogen in ethanoic acid at 60°C. lla-Ub The products are mainly benzylic 
acetates accompanied by small amounts of carbonyl compounds (1 %-5 %). 

The mild and selective properties of cobalt catalysts are shown in the autoxidation of 
4-hydroxymethylbenzenes to the corresponding 4-hydroxybenzaldehydes in the presence of 
catalytic amounts of CoCl, (Table II). 88 


R : R 2 

»0-^-CH, + 0 2 - NjOH T h , oh ■ H0-^VcH0 + H 2 0 (132) 

R, R R, R 


The industrial oxidation of methyibenzene to benzoic acid (80%) is easily accomplished 
with air in the presence of cobait(II) 2-ethyihexanoate. 90 The Co(OAc) Br and 


TABLE II. CoCL-Catalyzed Autoxidation of 
4-Hydroxymethylbenzenes to 4-Hydrobenzaldehydes“ 

HO-f V-CHO 


R, R 


R 

R, 

R 2 

Conversion 

(%) 

Selectivity 

(%) 

H 

H 

H 

92 

78 

H 

H 

CH, 

100 

66 

H 

CH, 

CH, 

100 

59 

CH, 

H 

H 

100 

62 

H 

H 

i-C 4 H, 

100 

58 

H 

f-C 4 H<j 

z-C 4 H» 

100 

52 

H 

OCH, 

OCH, 

100 

55 

H 

H 

OC 2 H 5 

100 

61 

H 

H 

Cl 

70 

63 

H 

Cl 

Cl 

60 

70 

H 

H 

Br 

65 

66 

H 

Br 

Br 

58 

68 


“ Reference 88. 
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Co(OAc)2/2-butanone catalysts have been used for laboratory and industrial scale oxidation 
of methyibenzenes to the corresponding carboxylic acids (Table III). 100130 

In the presence of bromide ion. CofOAcI, oxidizes mono-, di-, and trimethylbenzenes to 
the corresponding mono-, di-, and tricarboxylic acids in good yields." Alternatively, one can 
perform the stepwise oxidation of 1,2,4,5-tetramethylbenzene in excellent yields [Eq. 

(133) ]. 24 1,2-Dimethylbenzene is oxidized to phthalic anhydride with Co(OAc) Br [Eq. 

(134) ]. 24 


CH, 

CH, 


CH, 


CH, 


ColOAcl.O. 
KBr. AcOH 
CICH.CO.H. 25 mm 


CH JVy ^^C0 2 H 


CH,^^ CH, 
90% 


lh 


CH, 

CH,' 


CO,H 

co 3 h 


XJL < I33 > 

HO,C co,h 
80% 




CH, 


CH, 


C 0 (OAc),,O, 

Br 


o 

o 

/ 

A 

o 


(134) 


p-Xylene is oxidized to terephthalic acid in acetic acid when high concentrations of 
Co(OAc) 2 are used in combination with promoters such as 2-butanone, 100131 ozone, 45101102 
or bromide ion. 130 A promoter is not necessary for the oxidation of p-xylene if Co(OAc), is 
at sufficiently high concentrations (e.g., 0.4-0.5 mole of catalyst/mole of substrate). 95 Syn¬ 
ergistic effects have also been observed with added zirconyl acetate [ZrO(OAc) : ], 129 amines 
(e.g„ triethanolamine, A'./V-diethylaniline), 114135 and mixed metal catalysts [e.g., 80% 
Co(OAc), and 20% Mn(OAc),]. 126133 


TABLE III. Oxidation of Methyibenzenes to the Corresponding Carboxylic Acids 

with Cobalt Catalysts 


Substrate 

Catalyst 

Carboxylic acid 

Yield (%) 

Methyl benzene 

A“ 

Benzoic 

89 


B 6 

Benzoic 

86 

2-Chlorotoluene 

B 

2-Chlorobenzoic 

86 

2-Bromotoluene 

B 

2-Bromobenzoic 

91 

4-Chlorotoluene 

B 

4-Chlorobenzoic 

88 

p-Toluic acid 

A 

Terephthalic 

92 

o-Xylene 

A 

o-Toluic 

76 

m-Xylene 

A 

Isophthalic 

90 


B 

Isophthalic 

67 

p-Xylene 

A 

Terephthalic 

95 


B 

Terephthalic 

72 

Chloro-p-xylene 

A 

Chloroterephthalic 

75 

p-Ethyltoluene 

O 

|| 

B 

4-Acetylbenzoic 

O 

78 

4-CH,C„H«-C —C„H 4 CH,-4 

B 

4-H0,CC 6 H 4 —C —C 6 H 4 Co,H-4 

76 

4-CH,C 6 H 4 -0—C 6 H 4 CHj-4 

B 

4-HO,C-C 6 H 4 —O—C 6 H 4 Co,H-4 

87 


° Co(OAc),/2-butanonc catalyst (Ref. 100). 

* CofOAOj/NaBrsColOAc) Br catalyst (Ref. 130). 
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/i-Cymene is selectively oxidized to /^-isopropylbenzoic acid in the presence of 
Co(OAc),/2-butanone catalyst. 107121 If the oxidation of p-cymene is carried out with 
stoichiometric amounts of Co(OAc),, the products are the acetate (81%) and 4-acetyl- 
benzoic acid (15%). 106-108 ' 121 



CO,H 


COCHj 


(135) 


CH 



CoIOAcI, 
HO Ac 



(136) 


Other examples of the versatile selectivity available with various cobalt catalyst systems 
are shown in Eqs. (137), 100130 (138), 106 (139), 105 (140), 2J and < 141). 106 


CH, 


CO-.H 


(137) 


CH, 


CH, 


CH, 


CO-.H 


(138) 


CH-.CH, 


CH,SH 


CH 2 CH, 
CH-,OAc 


Co(OAc), 


OCH, 


OCH, 


(139) 


./X 


Co<QAc> ? , O s 


r\ 

ch; X CH, HO,C A X CO,H 

X = S 91% 

X = Se 37% 


(140) 


CH, 


/ S-CHH 




CH, 


HOJC ~(^y- CHC°: H 
CH, 

70% 


(141) 
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A combination of Co(OAc)-, and Mn(OAc) 2 is an excellent catalyst system for con¬ 
verting isopropylbenzenes to the corresponding carboxylic acids. 136 137 Methyl phenyl ketone 
is probably an intermediate. 




COCH, CO,H 


X 


ColOAcK 

MnlOAc), 


(142) 


Alkylpyridines are oxidized selectively to the corresponding carboxylic acids in acetic 
acid at 60°C in the presence of dioxygen and Co(OAc) 3 . 138 


CH, CO : H 



Neat ethylbenzene was oxidized with dioxygen at 70-135°C with a recyclable catalyst 
consisting of Co(II) attached to a copolymer of acrylic acid and diethylvinyl phosphonate. 139 
No induction period was observed. 

Activation of molecular oxygen has often been proposed to explain the catalytic effect of 
certain transition metal compounds on the oxidation of organic substrates. However, it has 
been shown that the catalytic effect is due to a catalyzed homolysis of adventitious 
hydroperoxides. A detailed kinetic investigation of the metal (Co, Cu, Mg, Ni, V, Zn) 
phthalocyanine autoxidation demonstrated that initiation arose via a catalyzed homolytic 
cleavage of hydroperoxides. 314 


3.3. Oxidation of Tetralins 

The Co(OAc) Br catalyzed autoxidation of tetralin gave a-tetralone, 1,2-dihydro- 
naphthalene (10 %—15%), and naphthalene <0.5 %—3 %). 130 In a limited supply of oxygen, 
the major product was 1,2-dihydronaphthaiene (62%). 


O 



Several cobalt complexes on silica gel catalyzed the oxidation of tetralin to alcohol, 
hydroperoxide, and ketone. 1 !c The highest conversion was with the 2,2'-bipyridine complex. 


3.4. Allyiic Oxidations 

Examples of cobalt catalyzed allyiic oxidations are shown in Eqs. (43 >—(45). Oxidation 
of cyclohexene in chloroform solution by dioxygen in the presence of cobalt naphthenate 
gave a mixture of cyclohex-2-enol (40%) and cyclohex-2-enone (60%). This mixture was 
oxidized by dichromate to give 2-cyciohexen-l-one in an overall yield of >80%. 146b 


3.5. Oxidation of Arenes 

Benzene and other electron-poor aromatic compounds are oxidized by cobaltic 
trifluoroacetate to ring substituted aryl esters in solutions of trifluoroacetic acid. 123 
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3.6. Oxidation of Carbon-Carbon Double Bonds 

1,2-Dibromoethane was proposed as an intermediate during the autoxidation of ethene 
in the presence of cobaltous acetate-sodium bromide catalyst. 323 

Cobalt nitro complexes such as py • Co(saloph) • NO, (saloph = A f ,,V'-bis(alicyclidene- 
o-phenylene) diamino) and py ■ Co(TPP) • NO, (TPP = tetraphenylporphyrin) have been 
used as oxygen transfer agents to alkenes. 324,325 The nitro ligand may be regarded as a 
monoanionic oxygen-centered nucleophile. This activation of olefins toward nucleophilic 
attack by n coordination to palladium (II) or thallium (III) leads to carbonyl compounds 324 
or oxiranes, 325 respectively. Some of the alkenes studied were ethene, propene, and 1-octene. 

The selective oxidation of terminal olefins (1-hexene, 3-methyl-1-hexene, phenylethene, 
and 3-buten-l-ol) by molecular oxygen to the corresponding 2-ketone and 2-alcohol by using 
CoSalMDPT (CoSalMDPT = cobalt (II) bis(salicylidene-y-imino propyl) methylamine) has 
been studied. 326 The oxidations, which were conducted in Parr pressure bottles, are 
remarkably solvent dependent and do not proceed by an autoxidation mechanism. 

Cobalt and molybdenum are effective catalysts for the oxidation of 2-phenylpropene. 327 
Aryl substituted olefins were converted to benzyl alcohols regioselectively by the use of 
oxygen and tetrahydroborate in the presence of a catalytic amount of bis(dimethyl- 
glyoximato)chloro(pyridine)cobalt(III) (Co(DH) 2 CIPy). 328 Addition of hydroxyl group 
occurred exclusively at the phenyl substituted olefinic carbon atom. 

The conversion of norbomadiene to Bisnor-S (12) is shown in Eq. (54) 159,160 and the 
transformation of 12 to diamantane (13) is shown in Eq. (55). 161 The reaction of acyl cobalt 
carbonyl complexes (14) with 1,3-dienes to give acyldienes [Eq. (57)] is described above. 
This reaction can be made catalytic by preparing the acylcobalt carbonyl complexes (14) 
from Co(C0 4 ) _ and alkyl or acyl halides in the presence of the diene, base, and carbon 
monoxide. 162 The usefulness of this system remains to be evaluated. 

Hydroacylation of alkenes with acid chlorides in the presence of 1 is described in Eqs. 
(56)-(59). 163 Ethyl ketones are formed in good to excellent yields [Eq. (145)]. The yields are 

O 

R-C-CH 2 CH 3 + L 3 CoC1 (145) 

considerably lower when 1-pentene is used in place of ethene. 2-Butyne reacts with acetyl 
chloride and benzoyl chloride to give 3-methyl-3-penten-2-one (12%) and caprophenone 
(11%), respectively [Eq. (146)]. 

O O 

II ,11 

ch 3 -c-c=chch 3 <—-ch,c=cch 3 -►c 6 h 5 -c-c=chch 1 

3 | J CHjCOCI - 3 c 6 h,coci ° 3 | 

CH 3 CH 3 (146) 


O 


C = C + HCo(N 2 ) L 3 + R—C —Cl 

1 


3.7. Oxidation of Carbon-Carbon Triple Bonds 

Table IV shows some of the aromatic compounds obtained from the reaction of dicobalt 
octacarbonyl (5) and mono- and disubstituted acetylenes. 168,1,3 

It is generally very difficult to selectively induce double bonds to undergo addition reac¬ 
tions in the presence of triple bonds. However, the reaction of an enyne with dicobalt 
octacarbonyl (5) leads to the formation of the corresponding dicobalt octacarbonylalkyne 
complex [Eqs. (60), (147)] in which the coordinated triple bond is now inert. Selective trans- 
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TABLE IV. Substituted Benzenes from the Cobalt Carbonyl Trimerization of Alkynes 1 ' 


Alkyne 

Catalyst 6 

Product (-benzene) 

Yield (%) 

C 6 H 5 C = CH 

A 

1,2,4-Triphenyl- 

70 

4-BrC«H 4 C=CH 

A 

l,2,4-Tris(4-bromophenyl)- 

65 

C 6 H 5 C = CC1 

A 

1,2,4-T riphenyl-3,5,6-trichloro- 

14 

c 6 h 5 c=cco,ch 3 

A 

1,2,4-T riphenyl-3,5,6-tricabomethoxy- 

55 

c 6 h 5 c=cco,h 

B 

l,2,4-Triphenyl-3,5,6-tricarboxy- 

11 

c 6 h 5 c=cc 6 h 5 

A 

Hexaphenyl- 

90 

4-ClC 6 H 4 C = CC 6 H 4 Cl-4 

A 

Hexakis-( 4-chlorophenyl)- 

95 

CjH,C = CH 

A 

1,2,4-Tri-n-propyl- 

11 

c 2 h 5 c=cc 3 h. 

A 

Hexaethyl- 

75 

c 6 h 5 c=cch 3 

A 

l,2,4-Trimethyl-3,5,6-triphenyl- 

90 

(CH 3 )jSiC=CH 

C 

1,2,4-T ris-trimethylsilyl- 

55 

CH = CCH ; CHiOH 

D 

1,2,4-Trisethanol- 

14 

CHsCCH,OCH 3 

E 

1,2,4-Tris-methoxymethyl- 

17 

CHj0 2 CC = CC0jCHj 

A 

Hexacarbomethoxy- 

80 


* Reference 168. 

*A = [Co(CO) 4 ] 2 Hg; B = Co,(CO) 6 C 6 H 5 C,COjH; C = Co 2 (COUCH,),SiC,H: D = Co : (CO) # HOC,H 4 C 2 H; 
H = Co,(CO) s CHjOCH z C 2 H. 


formation of the double bond is now possible and the metal moiety is then easily removed in 
high yield. 170 

The complexes, which are prepared by stirring 5 and the alkyne overnight at 23-25°C in 
a hydrocarbon solvent, 168 are isolated in 70%-90% yield [Eqs. (60), (147), (148)]. 170 " 193 
The respective double bonds in 51 and 52 were selectively hydrated and reduced. The alkyne 
product may be recovered by oxidative degradation of the complex with Fe(N0 3 ) 3 • 9H 2 0 in 
95% ethanol. Dilution with water and extraction with ether gives the product in excellent 
yield. 



(147) 


(148) 


The dicobalt octacarbonyl-alkyne complex may be used to stabilize and protect 
propargyl carbocations. 171 These species (a-[(alkynl)dicobalt hexacarbonyl], 51) may be 
used as electrophilic propargyl synthons, in organic synthesis [Eqs. (150), 171 (151), 172 and 
(152) 173 ]. It is possible to carry out the three-step complexation-alkylation-decomplexation 
sequence in Eqs. (149) and (150) without purification of intermediates. 171 


R 


R 2 IV ^ 

= -(-OH R— =-(-OH 

r y \ 

(CO),CO-Co(CO) 3 

51 



I R 

Co,(CO)„ 


(149) 


54 
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R 2 R, 

54+ Q-OCH, ► R-s — j— ^)+R-s— j— /~^-OCH, (150) 


R, >= 


R, 


I OCH, CofCOl 
Co(CO) 6 ltU| ‘ 


55(35%) 


56 (49%) 


OTMS 


O, 


51 




C = C — R 


(151) 


51 


o o 


O 




R-C = C- 


(152) 


O 


Table V shows the products and yields from the (propargyl)dicobalt cation alkylation of 
0-dicarbonyl compounds. Except for the product from 2,4-pentanedione and the 
unsubstituted propargyl complex, all the alkylated derivatives exist entirely as the dicarbonyl 
tautomer in carbon sulfide solution (‘HNMR assay). No dialkylation was observed. 
Significant stereoselectivity was observed in experiments 5 and 6 (Table V). Although no 
products were obtained from 1,3-cyclohexanedione and indanedione, 2-acetylcyclohexanone 
and ethyl acetoacetate were alkylated in moderate but unoptimized yields. 

Table VI shows that (propargyl )dicobalt hexacarbonyl cations alkylate ketones 
regiospecifically as well as trimethylsilyl enol ethers and enol acetates. 173 

Cobaltacyclopentadiene complexes, which are useful starting materials in the synthesis 
of substituted benzenes, cyclohexadienes, thiophenes, selenophenes, and pyrroles, are 
prepared by the reaction of two molecules of an alkyne with ?r-cyclopentadienylbis( triphenyl- 
phosphine )cobalt (CpCo[P(C 6 H 5 )j] 2 ). 174 ' 193 Table VII summarizes the cobaltacyclo¬ 
pentadiene complexes obtained via this procedure. 

Table VIII shows the yields of cyclohexadienes from the reaction of olefins with 
cobaltacyclopentadiene complexes. 

The complexes (20) react with sulfur, selenium, or nitrosobenzenes in benzene solution 
at 70-110°C to give substituted thiophenes, selenophenes, or pyrroles, respectively, 
(Table IX). 

a,a>-Dialkynes (HC=C — (CH,)„-C=CH) give compounds of structure 57 with bis 
(tetracarbonylcobalt(mercury ([Co(CO) 4 ] 2 Hg).‘ ,6 l,6-Di-/er/-butyl-3,3,4,4-tetramethyl-1,5- 
hexadienes react with f/ 5 -cycIopentadienylcobalt dicarbonyl to give 58 (70%). 177 



Macrocyclic alkadiynes react with commercially available CpCo(CO) : to give complex 
mixtures of products, depending on reaction condition. 178 Simpler ethyne complexes were 
formed with Co,(CO) 8 (5, 6). 179 
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TABLE V. Alkylations of CH,(C(0) CH,C(0) R, 
with [HC = C(OH)R,R 2 ]Co 2 (CO) 6 ° 

o 


/ Rl 

OH 


R, 


O O 

AA 


R, 


Co(CO), 


I R = X 

Co(CO) 6 


R> 

r 2 

r 3 

Yield (%) 

H 

H 

CH, 

95 

H 

CH, 

CH, 

65 

H 

c 6 h 5 

CH, 

91 

H 

H 

c 6 h 5 

90 

H 

CH, 

C 6 H, 

65 

H 

c 6 h 5 

c 6 h 5 

95 


• Reference 172. 


TABLE VI. Alkylation of Ketones" and Enol Derivatives" with 
[(HC = C(R,R 2 )Co 2 (CO) 6 ] + 


Substrate 

Product 


Yield (%) 

2-Butanone 

O X 


77 

3-Methyl-2-butanone 

9 | x 


70 

3-Pentanone 

O y 


84 

Cyclopen tanone 

OR, 

R, = R, = H 

R, = H,R, = C 6 H 5 

83 

62 

Cyclohexanone 

O v 


81 

2-Methylcydohexanone 

O X 


80 

OAc 

A. 

9 X 


96 

OTMS 

*6 

° X 


51 

OTMS 

da 


Ri =R 2 = H 

r, = h,.r, = c 6 h 5 

R, = R, = CH, 

76 

100 

60 


•X-Co,(CO).. 
h Reference 173. 
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TABLE VII. Cobaltacyclopentadiene Complexes from the Reaction 
of Alkynes and CpCo[P(C 6 H 5 ) 3 ] 2 " 



/ l '< 

PIC.H,), 


R, 

r. 

r 5 

r 4 

mp(°C) 

Yield (%) 

c 6 h s 

c 6 h 5 

c 6 h 5 

c 6 h 5 

193-194 

88 

CO,CH, 

co 2 ch 3 

co,ch 3 

co 2 ch 3 

216-217 

10 

c 6 h 5 

COjCH, 

c«h 5 

co,ch 3 

215-217 


QH s 

co 2 ch 3 

co 2 ch 3 

c 6 h 5 

218-219 

13 

co,ch 3 

ch 3 

ch 3 

co 2 ch 3 

192-194 

9 

co 2 ch, 

ch 3 

co 2 ch 3 

CH, 

158-160 

50 

c„h 5 

ch 3 

ch 3 

c 6 H 5 

174-176 

54 

c 6 h 5 

c 6 h 5 

ch 2 och 3 

CH,OCHj 

174-176 

40 

c 6 h 5 

c 6 h 5 

COjCH, 

c 6 h 5 

210 

43 

c*h 5 

c 6 h 5 

ch 3 

co 2 ch 3 

180-182 

68 

c 6 h 5 

c 6 h 5 

H 

co 2 ch 3 

149-151 

48 

c 6 h< 

c 6 h 5 

ch 3 

c 6 h 5 

169-171 

67 

c 6 h, 

COiCHj 

ch 3 

COjCH, 

179-182 

39 


"References 174, 193. 


1,5-Hexadivnes react with alkynes in the presence of CpCo(CO) 2 to form benzocyclo- 
butenes (Table X), 180 which are valuable precursors to theoretically interesting molecules 
and to the synthesis of natural products. 


CH 2 -C = C-R, I 

I + 111 

CH 2 -CsC-R c 

r 3 



(153) 


Cooligomerization of 1,6-heptadiyne and 1,7-octadiyne with substituted mono¬ 
acetylenes, catalyzed by CpCo(CO) 2 , provides a general synthetic entry into indans and 
tetralins (Table XI). 


TABLE VIII. Substituted Cyclohexadienes from Cobaltacyclopentadiene Complexes" 



R, 


R 

R, 

■^9 

r 3 

R 4 

Method* 

mp(°C) 

Yield (%) 

^9 

c 6 H 5 

H 

4-CH 3 C 6 H 4 

H 

A 

138.5-140 

93 

C 6 H 5 

c 6 h 5 

H 

co 2 ch 3 

co 2 ch 3 

B 

117-119 

36 

c 6 h 5 

C«H S 

co 2 ch 3 

c 6 h 5 

H 

A 

151-154 

33 


CO,CH, 

COjCH, 

c 6 h s 

H 

B 

179-180 

33 


° Reference 193. 

* A: Obtained directly by the reaction of the cobaltacyclopentadiene with olefins; B; obtained by the decomposition of 
the cyclohexadiene complex with Ce(IV). 
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TABLE IX. Heterocycles from Cobaltacyciopentadiene Complexes*' 



X 

R 

R. 

r 2 

r 3 

mp(°C) 

Yield (%) 

n-c 6 h, 

C.H, 

ch 3 

CH, 

c 6 h. 

171.5-172.5 

35 

n-c 6 h 5 

QH, 

c 6 h 5 

c„h 5 

c„h 5 

287-288 

34 

s 

QH 5 

c 6 h 5 

c 6 h 5 

c«h 5 

181 

75 

s 

c«h 5 

CHj 

ch 3 

c 6 h 5 

159 

70 

s 

c 6 h, 

c 6 h. 

H 

c 6 h 5 

139-140 

24 

s 

c„h 5 

c«h 5 

co 2 ch 3 

c 6 h. 

138-139 

76 

s 

co 2 ch 3 

ch 3 

CHj 

COjCH, 

168-169 

31 

s 

C ( H, 

co 2 ch 3 

CHj 

co 2 ch. 

97-98 

41 

s 

QH S 

COjCHj 

co 2 ch 3 

c 6 h 5 

166-167 

58 

s 

co 2 ch. 

C 6 H 5 

CHj 

COjCH, 

129-131 

31 

Se 

c 6 h. 

c 6 h 5 

QH S 

C«H 5 

180-181 

77 

Se 

QH, 

ch 3 

CH, 

c 6 h 5 

156 

65 

Se 

C«H, 

co 2 ch 3 

CO,CH, 

c 6 h 5 

174 

68 


“References 174, 193. 


TABLE X. Benzocyclobutenes from the CpCo(CO) 2 -Catalyzed Cyclization 
of 1,5-Hexadiynes and Acetylenes" 

R, 

R, 

R 



R 

R. 

hbh 

Rj 

Yield (%) 

H 

H 

CO-.CH, 

co 2 ch, 

14 

H 

H 

c 6 h 5 

H 

17 

H 

H 

QH, 

c 6 h 5 

48 

H 

H 

n-C 6 Hj 3 

H 

13 

H 

H 

(CHj)jSi 

(CH,),Si 

65 

H 

H 

CH 2 OCH, 

ch 2 och, 

33 

H 

H 

ch 2 och, 

(CHj)jSi 

55 

H 

H 

CH,OH 

H 

14 

CHj 

CH, 

C 6 Hj 

C 6 H, 

20 

CH, 

CHj 

CO,CH, 

co 2 ch, 

28 

CHiOCH, 

CH 2 OCH, 

(CH, )j Si 

H 

25 

H 

(CHj)jSi 

(CHj)jSi 

H 

13 

(CHj),Si 

(CH,),Si 

(CHj),Si 

H 

2 

H 

(CH,),Si 

(CH,)jSi 

CH,OCH, 

16 


References 175. 180, 182. 
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TABLE XI. Indans and Tetralins from the CpCo(CO) 2 -Catalyzed 
Cooligomerization of Alkynes" 



R 

R, 

Yield (% l 

R 

R, 

Yield (%) 

CO,CH, 

CO.CHj 

20 

co 2 ch, 

CO.CHj 

26 

H 

QH 5 

26 

H 

c 6 h 5 

18 

c 6 h 5 

c 6 h 5 

24 

c„h 5 

c 6 h 5 

21 

H 

n-C 6 H 13 

14 

H 

n-C 6 H, 3 

14 

(CH 3)3 Si 

(CH 3 ),Si 

82 

(CH 3 ) 3 Si 

(CH 3 ) 3 Si 

85 




ch 3 

(CH 3 ) 3 S t 

34 


"References 175, 181. 182. 


^CsC-H 

(CH,) 3 

^C = C-H 


C 

I 

R 


i ro 


(154) 


,C = C—H 


(CH 2 ) 4 


C = C—H 


c 

III 

c 

I 

R 


(155) 


1,2-Diethynylbenzene is catalytically cocyclized with alkynes in the presence of 
dicarbonyl(cyclopentadienyl)cobalt to provide a versatile synthesis of the biphenylene 
nucleus [Eq. (156)]. 330 The success of this transformation is remarkable considering the 
thermal instability of the product, the observation that ^ 4 -l,2-diethynylcyclobutadienyl 
( rj 5 -cyclopentadienyl)cobalt does not lead to analogous products, 331 and the electronic 
destabilization of the biphenylene nucleus. 


CpCo(CO). 
Heat. h\ 


cs. 


(156) 


R. 


Yield (%) 


SiMe 3 

SiMe 3 

96 

C 5 H„ 

SiMe 3 

58 

C 5 H u 

H 

41 

Bu 

Bu 

44 

Ph 

H 

25 

Ph 

Ph 

35 

CO, Me 

C0 2 Me 

30 


Two examples of the potential of a catalytic anthraquinone synthesis were tested in the 
preparation of 61 and 64. 182 
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O R: 

^CeC-R c 

I I +ni 

k^k.C = C-R C 


O 


R, 



(157) 


59 R = H 60 R, = R, = (CH,) 3 Si 61 R = H, R, = R 3 = (CH,) 3 Si 

62 R = (CHj)jSi 63R, = H:R, = n-C 6 H I3 64 R = (CH 3 ) 3 Si; R, = H; R 2 = n-C 6 H, 3 


Unsymmetrical cotrimerization can be favored by using an acetylene with two bulky 
substituents as one reactant. An elegant application of this method, which involves several 
C—C bond-making and bond-breaking steps, is found in the synthesis of polycyclic com¬ 
pounds [Eq. (158)]. 175 183 184 The versatility of this reaction is shown in Table XII. 175 
Moreover, this methodology is applicable to the synthesis of steroids. 183184 

Si(CH 3 ) 3 

C 

III 

C 

Si(CH 3 ) 3 
(BTMSA) 

When the reaction of diphenylacetylene and acrylonitrile is carried out with ;t-C 5 H 5 Co- 
[(C 6 H 5 ) 3 P](C 6 H 5 C = CC 6 H 5 ), the linear cooligomerization products 65 and 66 are 
produced. 185 Two molecules of acetylene and one molecule of a nitrile cocyclotrimerize to 
give pyridine in the presence of a catalytic amount of cyclopentadienyltriphenylphosphine- 
cobaltatetraphenyicyclopentadiene (67) or cyclopentadienyl(diphenylacetylene)triphenyl- 
phosphinecobalt. 186 A similar reaction has been performed using a Co(I) catalyst which is 


H-CeeC-V \ 

+ „-c.cV 



+ 15% 


(158) 


CIS 

isomer 




prepared in situ from cobalt salts and reductants. 187188 Other cobalt systems have also been 
used to produce pyridines. 189 An improved method for the synthesis of pyridines from 
acetylenes and nitriles uses cobaltocene (di-rc-cyclopentadienylcobalt) as the catalyst 
(Table XIII). 190 191 

Cocylization of 5-isocyanatoalkynes with a variety of alkynes in presence of catalytic 
// 5 -C,H,CO(CO), provides a chemo- and regioselective entry in the class of functionalized 
2,3-dihydro-5(lH)-indolizinones [Eq. (159), Table XIV]. 332 This method provides a ver¬ 
satile way to assemble annulated pyridones with extensive control of their substitution pat¬ 
tern. 


X 


cpCo(CO}» 


N =C = 0 


I 

R' 



-N. 


R' 




(159) 


X = H 2 

I -V 

x=o o 


o 


o 
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TABLE XII. Synthesis of Polycycles" from the CpColCOL 
Cyclization of Alkynes with (CH,),Si—C = C —SifCH,), (BTMSA)'’ 


Reactant 


Product Yield {%) 


H —C = C 
H —C = C 



H-CsC 
H -C = C 



H-CsC 

H-CeC- 




N 

n och 



90 


50 


60 


65 


45 


" X = (CH ,),Si. 
* Reference 175. 


TABLE XIII. Pyridines from the Cobaltacene Catalyzed Cotrimerization 
of Alkynes and Nitriles 
R. 



R 

R, 

R, 

r 3 

Yield (%) 

CH, 

H 

H 

H 

60 

C 2 H< 

H 

H 

H 

62 

n-C, H, 

H 

H 

H 

60 

i-CjH, 

H 

H 

H 

43 

CH,=CH 

H 

H 

H 

31 

c«h 5 

H 

H 

H 

73 

c 6 h 5 ch : 

H 

H 

H 

19 

CH, 

CH, 

H 

CH, 

45 

CH, 

C 2 H, 

H 

C 2 H 5 

30 

CH, 

n-C,H, 

H 

n-C,H 7 

42 

CH, 

n-C 4 H, 

H 

n-C«H, 

40 

n-C,H, 

C,H, 

H 

C 2 H, 

28 

CH, 

H 

CH, 

CH, 

48 

CH, 

H 

C,H, 

C 2 H 5 

57 

CH, 

H 

n-C , H 7 

n-C,H, 

47 

CH, 

H 

Hg 

n-C 4 H, 

48 

n-C, H 7 

H 

C,H 5 

C 2 H 5 

46 


Reference 190. 
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TABLE XIV. Cocylization Products 5-lsocyanatcalkynes and Alkynes"' 



R 

R. 

% yield 
(mp, °C) 

% yield 
(mp, C) 

(CHj)jSi 

(CH 3 ) 3 Si 

72(117-119) 


n-Pr 

(CH 3 ) 3 Si 

68(64-66) 

5(115-120) 


(CH 3 ) 3 Si 

76(150-152) 


l-Bu 

(CH 3 ) 3 Si 

17(79-81) 

<1 

^CH, 

Et 

41 (oil) 

31 (oil) 

(CH,),Si 

(CH 3 ) 3 Si 

68(134-135) 


n-Pr 

(CH 3 ) 3 Si 

60(87-89) 

3 (oil) 

n-Pr 

CH,OSi((-Bu)(C 6 H 5 ) 2 

20(165-167) 

18 (oil) 

CHj 

COjEt 

14(108-110) 

17(96-97) 


" Reference 332. 


The chelating agent, 2,2'-bipyridine, can be prepared in 95% yield by the reaction of 
ethyne with 2-cyanopyridine in the presence of the 1,5-cyclooctadiene complex Co(C 5 H 5 )- 
(CoD). 189 a,co-Dinitriles give similarly high yields of alkylene-bridged bipyridines. 
1,2-Dithiopyrones, A r -methyl-2-thiopyridones, thiophenes, selenophenes, and pyrroles can be 
prepared from the cobaltacyclopentadiene and suitable unsaturated molecules containing a 
heteroatom or group (Table IX). 192 ' 194 

Cooligomerization of a,co-diynes with nitriles effects direct synthesis of substituted 
5,6,7,8-tetrahydroisoquinolines (68, 70%-80%). 175 

1,7-Octadiyne reacts with ethyl cyanoacetate in the presence of CpCo(CO) 2 to give 
quinolizine 69 in one step. 175 

Racemic estrone (70) 183184 and other natural products can be made via cobalt catalyzed 
cyclotrimerizations. 



3.8. Oxidation of Organic, Organomagnesium, and Organomercuric Halides 

The influence of CoCl, on the Grignard reaction in order to produce coupling of 
organic halides is described above [Eqs. (71)—(73)]. 198-203 

The carboalkoxylation of organic halides with sodium cobalt carbonylate 
[NaCo(CO) 4 ] or the formation of amides from organic halides and unhindered amines is 
described above [Eq. (74)]. I62 ' 204-209 The reaction of NaCo(CO) 4 with organic halides in the 
presence of carbon monoxide and 1,3-dienes to give acyldienes is shown in Eqs. (56) and 
(57). 162 

Simple para-substituted arylmercuric chlorides or bromides react with dicobalt octacar- 
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bonyl (5, 6) in THF at 22-25°C to give the corresponding diaryl ketones in excellent yields 
[4,4'-dimethyl- (86%), 4,4'-dimethoxy- (84%), 4,4'-dichloro- (89%), and 4,4'-difluoro- 
benzophenone (93%)]. 210 No ketones were obtained from C 6 F 5 HgBr or C 6 Cl 5 HgCl. 
Moderate yields of dialkyl ketones were obtained from alkylmercuric halides. When two dif¬ 
ferent organomercuric halides were allowed to react with dicobaltoctacarbonyl (5, 6), sym¬ 
metrical and unsymmetrical ketones were formed. 


3.9. Oxidation of Hydroxy Compounds 


3.9.1. Alcohols 

Cobalt compounds may be used to oxidize alcohols to carboxylic acids [Eqs. (160) and 
(161 )]. 223 


CH 3 CH 2 CH 2 CH 2 OH 


CoCl;. NaOH.NaOCi 
80% 


ch 3 ch 2 ch 2 co 2 h 


(160) 


ch 2 ch,-o-ch 2 ch 2 oh 


o 


C 0 CI 5 . NaOH. NaOCI 
90% 


o 


ch 2 ch 2 -o-ch 2 co,h 

(161) 


ch 2 ch 2 -o-ch 2 ch 2 oh 


ch 2 ch 2 -o-ch,co 2 h 


Lewis acids dramatically enhance the oxidation power of cobalt-nitro complexes. Thus, 
in the presence of BF 3 • Et 2 0 or LiPF 6 , cobalt-nitro complexes such as PyCo(Saloph) N0 2 
or py(TPP) N0 2 oxidize primary alcohols to aldehydes and secondary alcohols to 
ketones. 324b No reaction is observed in the absence of Lewis acids. 

Benzyl alcohols were converted into the corresponding one carbon-homologated amides 
or esters in one pot by cobalt carbonyl catalyzed carbonylation in the presence of ethyl 
polyphosphate (PPE) and sodium iodide. 333 Arylacetic esters were prepared in one pot 
(35 %—77%) according to Eq. (162). 333 


O 


ArCH 2 — OH + CO + ROH--► ArCH 2 -C-OR 

1 C0 3 (C0),.N(C4H,), 1 


(162) 


Conversion of the tertiary alcohols (70) to E and Z enynes (71 and 72) may be perfor¬ 
med via Eq. (163) without the dicobalt octacarbonyl complex or with the complex via Eq. 
(164) [cf. Eq. (149)]. 224 'Table XV shows that the E isomer is favored when the dicobalt 
octacarbonyl complex is used. 


R 

I 



70 


1. Co 2 <CO)i 

2. HBr.ZnBr; 


3. Fe J 


71+72 


(164) 
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TABLE XV, Stereoisomers from the Dicobalt Octacarbonyl Complexes 
of Acetylenic Alcohols" 


R-" ° H 



'V 

R, 

^"^Br 





Isomer (%) 




Reaction 



• Overall 

R 

R, 

conditions* 

E 

Z 

yield (%) 

O 

X 

H 

A 

97 

3 

63 



B 

48 

52 

80 

CHjCH, 

H 

A 

99 

1 

65 



B 

33 

67 

80 

CH, 

CHj 

A 

91 

9 

53 



B 

3 

97 

80 

CHjCH, 

ch 3 

A 

98 

2 

60 



B 

2 

98 

80 


“ Reference 224. 

‘Experimental conditions: A with dicobalt octacarbonyl complex [Eq, (161)]: B without dicobalt octacarbonyl com¬ 
plex [Eq. (160)]. 


3.9.2. Oxidation of Diols 

Cobalt(II) salts are effective catalysts for the autoxidation of glycols in aprotic polar 
solvents such as pyridine, 4-cyanopyridine, benzonitrile, iV,V-dimethylformamide, 
V,V-dimethylacetamide, anisole, chlorobenzene, and thiocyclopentane-1,1-dioxide 
(sulfolane). 225 The reaction conditions may be adjusted to give aldehydes or carboxylic acids 
as the major products. The yields of aldehydes range from 60% to 80%. The cleavage of 
(E)-l,2-dihydroxycyclohexane is an example of this autoxidation procedure. 225 


PH 



H 



I^COjH 

k^CO,H 


(165) 


/ \ — 
V^CHO 


CO,H 


3.9.3. Oxidation of Phenols and Hydroquinones 

Table XVI summarizes some of the 1,4-benzoquinones from the cobalt catalyzed 
autoxidation of phenols. Electron releasing groups in 31 enhanced the formation of 1,4-ben¬ 
zoquinones. Although 9 ( 34 ) and 10 do not catalyze the oxidation of 2,6-dichlorophenol, 
aquo-3-fluoro(Salen)cobalt(II) [R = H, R, = F, L = H 2 0 in 31 ] is effective. Increasing the 
number of alkyl or electron releasing groups on the phenols also facilitated oxidation. Higher 
rates and selectivities are obtained in DMF solvent. 241 ' 242 261264 Although alkyl substituted 
phenols are preferentially oxidized to 1,4-benzoquinones instead of 1,2-benzoquinones, a 
phenol with a blocked para position is oxidized to the corresponding 1,2-benzo- 
quinone. 235 265 When the phenol is blocked at the ortho and para positions the p-quinol is 
formed [Eq. (90)]. 245 ~ 250 
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<CH,).,C 


C(CH,h 


C(CH,), 


The (Acacen)Co(II) [9, 34] complex converts hydroquinones to 1,4-benzoquinones in 
good to excellent yields (Table XVI). 235 Substituent groups on the aromatic ring can exert a 
marked influence on the rate of oxidation via electronic and/or steric effects (vide supraj. For 
example, 3,5-di-/-butylcatechol was oxidized to 3,5-di-/-butyl-l,2-benzoquinone (86%) while 

2.5- di-f-butyl- and 2-methoxycarbonylhydroquinone were recovered unchanged. 

2.6- Disubstituted phenols gave mixtures of products, including 1,4-benzoquinones and 
diphenoquinones [Eq. (164)]. 235 4-Methyl-, 2,6-diisopropyl-, and 2,4,6-tri-r-butylphenol 
gave mixtures of products which contained 1,4-benzoquinones, diphenoquinones, and other 
unidentified products. 235 


0..34.C.H.0H 


R=CH„/-C 4 H,or 

OCH, 



A polymer supported cobalt dioxygen catalyst, which oxidizes 2,6-dimethylphenol to the 
corresponding 1,4-benzoquinone, has been reported. 266 This system could become syn¬ 
thetically useful if the soluble cobalt complex does not require recycling. 


Cobalt catalysts 
a-tocopherol. 269 


oxidize dihydroxynaphthalenes 


TABLE XVI. 1,4-Benzoquinones from the Cobalt Catalyzed Autoxidation of Phenols 


Phenol Catalyst" Yield (%) Reference Phenol Catalyst Yield (%) Reference 



“A. (Acacen)Co(II) [9, 34]; B, (Salen)Co(II); C. (Salen)(py)Co(II); D, phthalocyanine Co(II) [33]; E, 3-methoxy- 
(SaIen)(py)Co(II). 

" No reaction. 
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3.10. Oxidation of Oxiranes 


The conversion of oxiranes to /J-hydroxesters is described in Eqs. (99) and (100). 162 

A mild, high yield, and in certain instances, highly stereospecific method for the 
deoxygenation, with inversion, of epoxy esters using dicobait octacarbonyl (5, 6) has been 
reported [Eqs. (168), (169)]. 271 This procedure is preferable to the lithium diphenyl- 
phosphide method which is not satisfactory for eoxy esters. 272 


CH 3 0,C O H 

X—% 

CH, CO,CH, 

73 


CH,0,C CO,CH 3 CH 3 CO,CH, 

'H ‘ + H 


CH, 


H CH,0,C 


H 


75 (95%) 


76(3%) 


(168) 


ch h,/ q x,- h 


CH,0,C 


*CO,CH, 


Co,(CO I, 
22-25% ' 


75(1%)+ 76 (99%) 


(169) 


74 


3.11. Oxidation of Carbonyl Compounds 


3.11.1. Aldehydes 

The cobalt catalyzed autoxidation of ethanol is used for the manufacture of acetic 
acid, 277 acetic anhydride, 278 and peroxyacetic acid. 279 Better yields are obtained with linear 
aldehydes than with branched chain aldehydes, which are susceptible to metal catalyzed 
decarbonylation via the acyl radical. The use of oxochromium (VI) oxidants or per¬ 
manganate ion is the preferred laboratory method for converting aldehydes to carboxylic 
acids. 

3.11.2. Oxidation of Ketones and o-Quinones 

The oxidation of ketones and o-quinones is described in Eqs. (106)—(1 11). 281-287 


3.12. Oxidation of Nitrogen Compounds 


3.12.1. Amines 

The cobaloxime (II) derivatives Co(Hdmg) 2 (PPh,) 2 and [Co(Hdmg) 2 Py] 2 catalyze 
the oxidation (atmospheric oxygen at 22-24°C) of o-phenylenediamine and ketones or esters 
(as solvents) to substituted 2H-benzimidazoles [Eq. (170)]. 334 Aldehydes react similarly 
[Eq. (171)]. The oxidation products are formed via catalytic dehydrogenation of inter¬ 
mediate substituted dehydrobenzimidazoles, which are cyciization products of 
o-phenylenediaine with the solvent. In propanone solvent with cobalt(II) as catalyst, the 
exclusive product is 2,2-dimethyldihydrobenzimidazole [Eq. (170)]. 335 In methanol and 
tetrahydrofuran, o-phenylenediamine is converted to 2,3-diaminophenazine with 100% selec¬ 
tivity [Eq. (172)]. 


^ NH 2 
f |T +RRCO 



ay 


R 


(170) 
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(171) 


(172) 


Reaction of a-keto imines with the in situ generated acetylcobalt tetracarbonyi occurs 
only at the carbon-nitrogen double bond to give /J-keto amides [Eqs. (173), (174)]. 336 

Co,(CO) 8 Na<C ; H H ; l,BH > Co(CO) 4 C c H o 3 ‘- . CH 3 COCo(CO) 4 (173) 

O 


O O OH C-CHj 

I! II II I / 

C 5 H 5 —C —C = NAr + CH, —C —Co(CO) 4 -► C 6 H 5 -C-C-N 

I I \ 

C 6 H 5 C 6 H s Ar 

( 6 %- 88 %) 


(174) 


Ar = C 6 H 5 , 4-CH 3 C 6 H 4 , 

4-CH 3 OC 6 H 4 , 2,4-(CH 3 ) 2 C 6 H 3 
2,6-(CH 3 ) 2 C 6 H 3 

The yields in Eq. (174) were improved, i.e., 60%-61%, by carbonylation of the Schiff 
base with an equimolar amount of an organoborane and a catalytic quantity of dicobalt 
octacarbonyl [Eq. (175)]. 337 


C 6 Hj—C = N —Ar, 


Co + R)B 
Co 2 (CO)g 


THF 


Ar 


O Ar 

II / 

R-C-N-CH 

I \ 

Ar, C 6 H 5 


(175) 


Treatment of azirines (77) with dicobalt octacarbonyl (5, 6) in benzene at 22-25°C for 
24 h affords 2-styrylindoles (78-81) in good to excellent yields. 302 



77 

78 R = H 

77% 


79 R=CH 3 

95% 


80 R = OCH, 

90% 


81 R = Br 

52% 


R 


(176) 


3.12.2. Amides 

The Co(III) oxidation of amides is described in Eqs. (112M115). 298 
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3.12.3. Hydrazones and Oximes 

Cobalt trifluoride regenerates carbonyl compounds from hydrazones and oximes via 
oxidative cleavage. 303 Cobalt trifluoride is easy to handle and show significant selectivity, 
giving generally the highest yields with A'./V-dimethylhydrazones. 

R, X, R, F- X, 


C = N —N + CoF 3 

/ \ 

R X 

X = Tos, X, = H 
X = X,=CH 3 


C = N —N 

/ I \ 

R CoF : X 

R. 


H;0 


C = 0 + NHXX, 


(177) 


R 


R . 


R. F- 


C = N-OH + CoF 3 


R 


C=N—O—H 

/ I 

R CoF, 

R. 


h 2 o 


C = 0 + Co(II) O + 2HF 


(178) 


R 


4-Nitrophenylhydrazones, unsusceptible to autoxidation, are readily oxygenated in the 
presence of a five-coordinate cobalt(II)-Schiff base complex, Co(II)(MeOSalen)(Py), leading 
to quantitative formation of novel l-(4-nitrophenylazo)-l-peroxy Co(III) complexes which 
are converted to (4-nitrophenylazo)-l-hydroperoxyalkanes [Eq. (179)]. 337 


R 

)C = NNH 

R, 


NO, 


OOCo(lII) 


N c^ 

/x 

R, N = N 


R OOH 

R^ N N = N-<^>-N0 2 


R or R| = aryl 

and/or alkyl 


(179) 


Bis(salicylidene)ethylenediaminatocobalt(II) complexes catalyze the oxidation of 
dihydrazones to alkynes in excellent yields under mild conditions [Eq. (180)]. 338 

H : N-N N-NH, GOOD 
Ar-C-C-Ar, - H W H -► Ar-C = C-Ar, (180) 

Ar, Ar, = C„H 5 , p-tolvl,/)-anisyl, 

4-Me,NC ( ,H 4 ,4-ClC 6 H 4 


3.12.4. Nitrosobenzenes 

Catalytic action by the dipivaloylmethane chelate of Co(II) [Co(dpm) 2 ], which is 
rapidly converted to a mixture of Co(Il) and Co(lII) under the reaction conditions, catalyzes 
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the tm-butvl hydroperoxide oxidation of nitrosobenzene to nitrobenzene via a 
straightforward two-step initiation sequence. 304 


3.12.5. Isocvanides 

Cobaloximefll) complexes, which catalyze the selective oxidation of organic substrates 
such as hydroquinone, hydrazobenzene, and triphenylphosphine with dioxygen under mild 
conditions, 339 catalytically oxidize butyl and octyl isocyanide to the corresponding 
isocyanates [42%-46%, Eq. (181)]. 340 Similarly, nitrosobenzene is oxidized to nitrobenzene 
(22 %—28 %). 


R —N = C ° ;-Co -- > R —N = C = 0 (181) 

The oxygenolysis of the heterocyclic ring of 3-substituted indoles related to tryptophan 
is catalyzed by transition metal complexes such as Co(Salen), 341-342 and Co(Tpp). 343 It has 
been found 341 that the Co(Salen)-catalyzed oxygenolysis of 3-methylindole in 
dichloromethane involves the cobalt(III) (Salen) complex of an anion of the product, 
o-formylaminoacetophenone, as the active catalyst [Eq. (182)]. 

-f R _ > o: COR — 

N ^ v N = CHO-Co(HI)(Salen) 

H 

R = Me, Et, 

/, Pr, f-Bu 



^^COR 

CC 


NHCHO 


(182) 


3.13. Oxidation of Sulfur Compounds 

Cobalt(III) oxide oxidizes mercaptans to disulfides in low to good yields. 312 

2R-SH-> R-S-S-R (183) 


The cobaltous chelate of 4,4',4",4"'-tetrasulfophthalocyanine adsorbed by Sephadex 
DEAE anion exchange resin is reduced by thiols to the cobalt (I) form and can be 
regenerated by air. This cobaltous-anion exchange resin system is an efficacious catalyst for 
the autoxidation of thiols. 344 

In the oxygenation reaction of alkyl sulfides with Co(II)(bzacen)-0; system, oxidative 
carbon-sulfur bond cleavage (S-dealkylation) was found to take place exclusively. The reac¬ 
tivity of S-dealkylation reaction was dependent on both acidity of the a-methylene group and 
steric hindrance of alkyl sulfide (Table XVII). The peroxo-Co(III) species is presumed to be 
the intermediate in this S-dealkylation reaction. 345 



Me ’—’ Me 
Co(II)(bzacen) 


C 6 H 5 SCH,COC 6 H 5 —■ C 6 H 5 SSC 6 H 5 + C 6 H 5 COCHO + C 6 H 5 C0 2 H (184) 


Oxidation of acetylmethylthiophenes by oxygen with cobaltous acetate-sodium bromide 
catalyst gave the corresponding acetylthiophenecarboxylic acids via the aldehydes [Eq. 
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TABLE XVII. The Oxygenation of Sulfides, Sulfoxide, and Ether Having 
a-Active Methylenes Catalyzed by Co(II) (bzacen )" 



Ph-S-CH, 

R + CO(lI) (bzacen) — 

. PhSSPh 

+ RCHO + 

RCO,H 

R 

Time (h) 

Solvent 


Yield (%) 


-COPh 

0.5 

MeOH 

Quant 

81 

13 

-CN 

15 

MeOH 

Quant 

— 


-COjEt 

15 

MeOH 

52 

— 


-C 6 H 4 NO,-4 

72 

MeOH 

No reaction 




48 

MeOH-Py (1:1) 

Quant 

50 

Trace 

-ch 2 cn 

120 

MeOH (or MeOH-Py) 

No reaction 



-Ph 

120 

MeOH 

No reaction 



-H 

120 

MeOH 

No reaction 



PhS(O) CH-.CN 

120 

MeOH 

No reaction 



PhOCH-COPh 

16 

MeOH 

50 

(PhOH)93 



(185)]. 346 The oxidation of 2-(acetoxymethyl)thiophene with a cobaltous acetate-sodium 
bromide catalyst in ethanoic acid gave 2-thiophenecarboxylic acid (>90%). 347 2-Ethyl- 
3-methylthiophene yields mainly 3-methyl-2-acetylthiophene and l-(3-methyl-2-thienyi)-ethyl 
acetate. 



R = 3 —,4-,5 —CH, 


(185) 


Cobalt(III) sulfate in acid solution converts alkane- and arenesulfinic acids to 
a-disulfones via an intramolecular dimerization dehydration process [Eq. (186)]. The 
mechanism of this interesting reaction, which provides a-disulfones in yields of 35%-56%, is 
not known. 313 The major byproduct is the sulfonic acid. 


O O 

11 II 

2R —SO-.H + 2Co 3+ -► R — S—S—R + 2Co 2 + + 2H + (186) 

II II 

o o 


A possible mechanism for a-disulfone formation is a one-electron abstraction to give the 
sulftnyl radical (RS0 2 ), which subsequently dimerizes. An alternate mechanism, involving 
preliminary coordination of two molecules of sulfinate ion (RS0 2 _ ) with one cotaltic ion, is 
also reasonable [Eq. (187)]. Reduction to Co(I) followed by rapid oxidation to CO(II) has 
some parallel to chromium and permanganate ion oxidations. 313 


SO, - +Co 3+ — 

— (RSO,)Co + 

(187) 

(RS0 2 ) 2 Co + — 

—► RS0 2 S0 2 R+Co + 

(188) 

Co + + Co 3 + — 

—► 2Co 2 + 

(189) 
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4. EXPERIMENTAL CONSIDERATIONS AND PROCEDURES 


4.1. General Considerations 

Procedures for the preparation of the cobalt compounds are given in the references in 
the text. 

Simple analytical methods are available for following the reactions of cobalt. 315-322 


4.2. General Procedures and Typical Detailed Procedures 


4.2.1. Alkvlbenzenes 


CH, 


Br 


CO,H 


82 


83 


(190) 


Oxidation of o-Bromotoluene (82) to o-Bromobenzoic Acid (83) by Co(OAc) Br . 130 To 
the reaction flask was added 25 g (0.1 mol) of Co(OAc) 2 . 27 g (0.1 mol) of 30% hydrogen 
bromide in AcOH, 500 ml of AcOH, and 86.5 g (0.5 mol) of o-bromotoiuene (82). Oxygen 
was bubbled (600 ml/min) through the vigorously stirred reaction mixture, which was 
initially heated to 90°C, at which point the reaction became exothermic and kept the reac¬ 
tion mixture at the temperature of reflux. After 2 h, the temperature rose to a maximum of 
112°C and oxygen was no longer being absorbed. The reaction mixture was cooled, ice water 
added to increase volume to 1 liter, and filtered. The product, o-bromobenzoic acid (83, 
90.5 g, 91%) melted at 146.5-148°C. 

4.2.2. Ally lie Oxidation 

O OH O 

o —• C ) + 6 —-o <i, ‘ i 

84 84 

Oxidation of Cyclohexene to 2-Cyclohexen-l-one (84) and 2-Cyclohexen-l-ol by Cobalt 
Naphthenate, Followed by Oxidation with Sodium Dichromate . 146b An apparatus, similar to a 
standard hydrogenation setup, was conveniently employed. 

A mixture of cyclohexene (41 g, 0.5 mol), CHC1 3 (24 ml), and cobalt naphthenate 
(1.0 g, 8.78% in Co(II)) was stirred at ~50°C at atmospheric pressure in an atmosphere of 
oxygen until no further absorption occurred (11,300 ml, 30 h). The reaction was dried 
(Na 2 S0 4 ) and freed of solvent and any unchanged cyclohexene to give a dark brown liquid 
(44 g). 

An aliquot of the above material on usual estimation showed a peroxide content of 
15%—18%. Another sample (6.05 g) was taken up in chloroform (35 ml) and stirred at 
22-25°C for 1 h with saturated aqueous KI (3 ml) containing AcOH (2.0 ml). The organic 
layer was separated and the aqueous part saturated with NaCl and extracted with ether 
(3x20 ml). The combined organic layers were washed with Na 2 S 2 0 3 solution (10%, 
3x20 ml), sodium hydrogen carbonate solution, and brine, and dried (Na 2 S0 4 ). Solvent 
was flashed off and the residue distilled; yield: 5.56 g bp 8O-85°C/40 Torr. GLC (column: 
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200 x 0.6 cm, stainless steel; phase: 20% diethylene glycol polysuccinate on Celite; tem¬ 
perature 135°C; gas; 70 ml Hi/min) showed this product to consist of cyclohexenol 
(RRT = 1; 40%) and 2-cyclohexene-1-one (RRT = 1.27; 60%). 

To obtain 2-cyclohexen-1-one, a portion (22 g) of the original oxidized product 
(without KI treatment) was taken up in benzene (50 ml). To this a solution of sodium 
dichromate dihydrate (22 g) in glacial acetic acid (100 ml) was added and the reaction 
mixture stirred at 22-25°C for 6 h. After this, ethanol (10 ml) was added to destroy the 
excess of oxidant, and after stirring for another 15 min water (100 ml) was added and the 
organic layer separated. The aqueous phase was saturated with NaCl and extracted with 
ether-benzene (1:1; 4x50 ml). The combined organic phases were washed with NaHC0 3 
solution (10%, 3x50 ml), then with NaCl (3x50 ml), and dried (Na 2 S0 4 ). Solvent was 
fractionated off and the residue distilled: yield: 19.5 g: bp 80-83°C/4 Torr: GLC analysis 
showed that the product was ~98% pure 2-cyclohexen-1-one (84). 


4.2.3. Alkenes 


CoH(N 2 )[P(C 6 H 5 ) 3 ] 3 

I 

Preparation of Hydridonitrogentris(triphenylphosphine)cobalt(I) (l). 164 In a typical 
experiment, 26.5 g (205 mmol) of triphenyiphosphine and 10.0 g (30 mmol) of cobalt)III) 
tris(acetylacetonate) were suspended in 300 ml of diethyl ether. To the suspension were 
added 30 ml (120 mmol) of triisobutylaluminium, and the mixture was cooled to — 50°C 
under a nitrogen atmosphere. With nitrogen passing through the reaction mixture, the tem¬ 
perature was raised to 22-25°C with stirring. After 3 h at 22-25°C, orange crystals deposited 
from the dark red solution. The crystals were filtered, washed several times with ether or 
hexane, and dried in vacuo. Recrystallization from toluene gave 16.9 g (69%) of 1. 

Hydroacylation. The Synthesis of Ketones from Olefins Using Metal Hydrides (l). 163 

O 

CH, = CH,+ 1->[ ]-—— R-C-CH 2 CH 3 (192) 

85 

Addition of olefin to a red benzene solution of 200 mg of 1 (0.232 mmol) resulted in an 
immediate color change to red-brown. Addition of RC(0)CI to this red-brown solution 
produced a rapid (<10min) color change to emerald green. Evaporative distillation of 
volatiles gave the ketone. 

4.2.4. Alkvnes 


CN 



86 


Cotrimerization of Benzonitrile and Ethyne to 2-Phenylpyridine (86) Catalyzed by 
Cobaltacene. i16 Cobaltacene (2, 378 mg, 2 mmol) was placed in an autoclave (volume 
200 ml) and the vessel was filled with nitrogen. Methyibenzene (20 ml) and benzonitrile 
(14.5 ml, ~ 140 mmol) were introduced via syringes through a hole at the head of the 
autoclave. After the vessel was flushed with ethyne 5 times, the ethyne to be reacted was 
introduced up to a pressure of 9 atm while the autoclave was mechanically shaken at 
23-25°C. The autoclave was heated to 150°C. Within 2 h, the pressure dropped to 3 atm and 
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more ethvne was added (13 atm at 150°C). After 7 h. the reaction mixture was fractionally 
distilled to give 2-phenylpyridine. bp 90°C at 1.5 Torr; 15.8 g (73%). 


Co 

(QH,),?^ X P(C 6 H 5 ) 3 

87 

Preparation of (n-Cyclopentadienyl)bis(triphenylphosphine)cobalt(I) (87). 174 To freshly 
prepared chlorotris(triphenylphosphine)cobalt (12 g, 13.6 mmol) suspended in benzene 
(160 ml) was added a THF solution of sodium cyclopentadienide (1 mmol solution, 20 ml) 
at 23-25°C, and the resulting dark red solution was stirred for 30 min. Water (10 ml) was 
added at 0°C in order to hydrolyze excess sodium cyclopentadienide. The organic layer was 
separated, dried (Na^SO,,), volume reduce to ca. 30 ml, and 30 ml of hexane was added. 
After filtering and drying, there was obtained 6.9 g (70%) of the desired complex (87). 


CO : CH, 
C 

87 + ill 
C 

1 

CO,CH, 


Preparation of (n-Cyclopentadienyl) (triphenylphosphine)-2,3,4,5-tetramethoxycarbonyl- 
cobaltacyclopentadiene (88). 174 To a solution of 87 (1.5 g, 2.1 mmol) in benzene (20 ml) was 
added dimethyl acetylenedicarboxylate (1.1 g, 8 mmol in 10 ml of benzene) dropwise under 
ice-cooling. The reaction mixture was allowed to stand overnight at 22-25 °C and then was 
chromatographed on A1 2 0 3 . The orange red band was eluted with 1:1 benzene/ethyl acetate. 
The solvent was removed in vacuo and the residue was treated with benzene/hexane. The 
solvated benzene was removed by heating the crystals in vacuo at 170°C for 30 min. A 14% 
yield of 88 was obtained. 


(C. 



(194) 


C.H, 

C 

87 + in 
C 


c 6 H 5 


Co, / 
(C 6 H 5 )jP * 

c 6 H 5 


c 6 h. 


(195) 


89 


Preparation of ( n-Cyclopentadienyl) ( n-diphenylacetylene ) triphenylphosphine) cobalt 
(89). 174 Diphenylethyne (0.9 g, 5 mmol) was added to a solution of 87 (3.6 g, 5 mmol) in 
C 6 H 6 (25 ml) and the reaction mixture was allowed to stand at 22-25°C. After 1 h, 50 ml of 
hexane was added in order to precipitate shiny black crystals of 89, which were separated by 
decantation and washed with hexane to give 2.4 g (85%). The crystals should be stored in a 
refrigerator. 
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(196) 


90 


Preparation of Thiophenes from the Reaction of Cobaltacyclopentadiene Complexes with 
Sulfur. A General Procedure , 174 A mixture of 20, or 88, or other complex (0.365 mmol) and 
elemental sulfur (80 mg) in benzene (30 ml) was heated at 150°C for 6 h in a sealed tube. 
After concentration, the reaction mixture was chromatographed on A1 : 0 3 (2x 15 cm). The 
column was eluted with benzene (200 ml) and then with 1:1 benzene/dichloromethane 
(100 mi). The eluate with CH,C1 ; was collected and concentrated and the residue 
recrystallized from hexane to give crystals of 90 (Table IX). 


Si(CH 3 ) 3 

1 - = 1 — 

.^^CHjOCH, 

(197) 

1 -. 1 

CH,OCH, 

Li ' % ^Si(CH 3 ) 3 

91 92 

93 



Preparation of 4-Trimethylsilyl-5-methoxymethylbenzocyclobutene (93). 182 1,5-Hexadiyne 
(91, 780 mg, 10 mmol) and trimethylsilylpropargyl methyl ether (92, 1.42 g, 10 mmol) in 
n-octane (12 ml) containing CpCo(CO) 2 (30 ml) were added slowly with a syringe pump to 
refluxing n-octane (60 ml) containing CpCo(CO) 2 (20 ml) over a period of 48 h. All volatiles 
were vacuum transferred ofT to leave a brown oil, which was chromatographed on silica 
(150 g). Elution with pentane-ether (92:8; 200 ml fractions) and removal of solvents gave a 
yellow oil which was microdistilled at 60°C (oil bath, 0.01 Torr) to give 1.20 g (55%) of 93 
(Table X). 


OH 
R 1 


Co(CO) 6 


o o 

^ R , - 

R =CHj or C 6 H 5 



Co(CO) 6 


(198) 


Alkylation of 2,4-Pentanedione or Benzoylacetone with (Propargyl)dicobalt Hexacarbonyl 
Cations [HC=C(OH) R t R 2 J Cof CO) 6 . General Procedure.™ A dichloromethane solution 
of the dicarbonyl compound was added dropwise to a cooled (—78°C) dichloromethane 
solution of the complexed alcohol and 0.5-1.5 equiv of HBF 4 0(CH 3 ) 2 under nitrogen. Brief 
warming to 0°C (<60 min), neutralization with solid NaHC0 3 , and chromatography over 
silica afforded the product complexes as dark red oils or crystalline solids (Table V). 


4.2.5. Organic Halides 


C 6 H 5 QHj 

{C 6 H 5 ) 2 CC1, + Co 2 (CO), ( -► N C = C / (199) 

5,6 QH 5 X C 6 H 5 

Conversion of Dichlorophenylmethane to Tetraphenylethene with Dicobalt Octa- 
carbonyl.' %0 To 4.7 g (13.7 mmol) of dicobalt octacarbonyl in 60 ml of THF was added a 
solution of 6.5 g (27.4 mmol) of dichlorophenylmethane in 40 ml of THF. The reaction 
mixture was stirred and heated at 50°C for 3 h. During this time gas was evolved and the 
red-brown reaction mixture became green in color. The reaction mixture was treated with 
300 ml of water and extracted (3 x 200 ml) with CC1 4 . The combined organic layers were 
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dried (MgS0 4 ), filtered, and the filtrate evaporated at reduced pressure. The residual solid 
was recrystallized from C 2 H 5 OH/CH 2 Cl 2 to give 4.5 g (98%) of tetraphenylethene. 
mp 223-224°C. 


4.2.6. Phenols and Hydroquinones 

General Procedure for the Autoxidation of Phenols to Benzoquinones and Dipheno- 
quinones by the Cobalt-Dioxygen Complex of 9 [34, cf. Eq. (82)]. 235 A mixture of the phenol 
(0.01 mol) and 34 (0.001 mol) 236 in 40 ml of absolute ethanol was stirred at 20-24°C for 
20 h. After removal of the solvent by distillation under reduced pressure, the residue was dis¬ 
solved in dichloromethane and chromatographed on silica gel. The 1,4-benzoquinones were 
readily separated from the diphenoquinones, and chromatographicaily pure products were 
obtained by evaporation of the appropriate eluate fractions. 

General Procedure for the Autoxidation of Hydroquinones to 1,4-Benzoquinones by the 
Cobalt-Dioxygen Complex of 9 (34 ). 235 ' 236 The complex 34 (0.3 g, 1 mmol) 236 was added to 

OH O 




R 


( 200 ) 


OH O 

solution of the hydroquinone (10 mmol) in absolute ethanol (40 ml). The resulting mixture 
was stirred for 16-24 h at 20-24°C while being exposed to the atmosphere. The orange 
mixture rapidly darkened to a dark brown color, which persisted throughout the reaction. 
The crude reaction mixture was concentrated under reduced pressure, filtered, and the filtrate 
chromatographed on silica gel using dichloromethane as eluant. Evaporation of the eluate 
under reduced pressure gave chromatographicaily pure 1,4-benzoquinone. 
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Oxidation of Organic Compounds 
with Nickel Peroxide 

M. V. George 


1. INTRODUCTION 

Although it has been known for a long time that nickel peroxide could be used for oxidizing 
organic compounds, only in the last few decades or so has this reagent found extensive 
application in synthetic organic chemistry. Weijlard 1 reported that diacetone-2-keto -levo- 
gulonic acid, an intermediate in the synthesis of vitamin C, was obtained from diacetone-feuo- 
sorbose in good yields by the addition of nickel salts in a solution of sodium hypochlorite. It 
was suggested that the black oxide of nickel formed by the treatment of sodium hypochlorite 
with nickel sulfate was responsible for this type of oxidation. In recent years nickel peroxide 
has been used more frequently for bringing about the oxidations of several types of organic 
compounds. 2 ' 3 

A literature search for examples of oxidation by nickel peroxide tends to be somewhat 
difficult, since the term "nickel peroxide” as such is rarely indexed in abstracts, unless 
indicated as the title of a publication. A number of the references cited herein therefore have 
been obtained from other reviews. 2,4,5 It is likely that some references might have been left 
out, inadvertently; however, the examples that we have included in this chapter would form a 
reasonable coverage of the major types of reactions which are brought about by nickel 
peroxide, highlighting thereby its use as a versatile reagent. 

It has been difficult to decide at times whether nickel peroxide or nickel oxide peroxide 
has been the actual species employed for oxidation, in view of its nonstoichiometric nature. 
Wherever possible, the amount of available oxygen in terms of milligram per gram of nickel 
peroxide has been given. Reactions brought about by other oxidizing agents in combination 
with catalytic amounts of nickel peroxide have not been included here. However, the con¬ 
trasts and similarities between nickel peroxide and manganese dioxide oxidations have been 
briefly indicated, wherever found necessary. 


M. V. George • Department of Chemistry, Indian Institute of Technology Kanpur, Kanpur 208016, 
India, and Radiation Laboratory and Department of Chemistry, University of Notre Dame. Notre 
Dame, Indiana 46556, USA. Document No. NDRL-2817 from the Notre Dame Radiation Laboratory. 
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In this review, more emphasis is placed on the synthetic applications of nickel peroxide 
oxidations, and much of the information is summarized in the form of tables. An attempt has 
been made to present only selected examples in these tables, and hence they are by no means 
exhaustive. This tabular survey parallels the text, but within each table no specific ordering 
has been followed. In some of the tables, a dash (—) in the column “Ratio of NiO ; to reac¬ 
tant" indicates that the active oxygen content of nickel peroxide has not been estimated. 


2. MECHANISM OF OXIDATION 

Mechanistic details of nickel peroxide oxidation of several classes of organic compounds 
are not yet fully understood. It appears that more definitive studies have to be carried out 
before we have a comprehensive picture of the several individual steps involved in such 
oxidations. However, it has been generally accepted at present that nickel peroxide 
oxidations, in most cases, proceed through pathways involving free radical intermediates. 6-19 
Isotopic labeling and ESR studies using radical scavengers support this view. 

Primary alcohols are generally oxidized to the corresponding carboxylic acids by nickel 
peroxide in aqueous alkaline medium [Eq. (1)], whereas in organic solvents the oxidation 
stops with the initial formation of the corresponding carbonyl compounds [Eq. (2)]. 


RCH 2 OH - 

Ni0 2 

base 

• rco 2 h 

(1) 

RCH 2 OH - 

NiO: 

CfeHf,. ether 

• RCHO 

(2) 


Konaka et al. n have suggested that the nickel peroxide oxidation of alcohols involves the 
initial abstraction of the a-hydrogen atom, followed by hydrogen atom abstraction from the 
hydroxyl group, as against the alternative possibility of an initial hydrogen atom abstraction 
from the hydroxyl group. The appreciable difference in the rates of oxidation of 
(C 6 H 5 ) 2 CHOH and (C 6 H 5 ) 2 CDOH (k H /k D = 7.4) has been cited in support of this view. 
However, it may be pointed out that the mere observation of a kinetic effect does not 
necessarily signify that the C-H bond cleavage is the initial process. Two mechanistic 
possibilities, for example, are to be considered for the formation of benzophenone (5) from 
the radical species 2, formed after the initial abstraction of a hydrogen atom from diphenyl 
carbinol (1), as shown in Scheme 1. The radical 2 can combine with a hydroxyl radical from 
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nickel peroxide to give the dihydroxy intermediate 3, which can subsequently lead to ben- 
zophenone, through the loss of a molecule of water (path A). An alternative pathway 
(path B) involves the formation of the diradical intermediate 4, which can then lead to ben- 
zophenone. Using diphenylcarbinol with l8 0 label, it has been possible to show that path B is 
actually followed in this oxidation. 

The oxidation of 1,2-diols with nickel peroxide gives rise to 1,2-dicarbonyl compounds, 
as well as oxidative fragmentation products. 17 Thus, the oxidation of meso-hydrobenzoin (6) 
with nickel peroxide gives mainly benzaidehyde (7) and a small amount of benzil (8), 
whereas pinacol (9) gives acetone (10) (Scheme 2). An inverse isotope effect has been obser¬ 
ved in the oxidation of meso- l,2-diphenylethane-l,2-diol and meso- 1,2-dideuterio-1,2-diphe- 
nylethane-l,2-diol (k H /k D = 0.8). A similar observation has been made in the oxidations of 
meso-butane-2,3-doii and meso-2,3-dideuteriobutane-2,3-diol (k H /k D = Q.75). It has been 
suggested that these oxidations may be taking place through concerted processes, occurring 
on the surface of the oxidant (Scheme 2). However, the formation of any cyclic complex, as 
in the case of lead tetraacetate oxidation, 18 has been ruled out, since no appreciable dif¬ 
ference in the rates of oxidations of cis- and oww-cyciopentane-1,2-diols has been observed 

(^.ran, = 2.1).‘ 3 

Phenols generally undergo oxidation with nickel peroxide to give quinone derivatives in 
addition to oligomeric and polymeric products. Thus, p-cresol (11) on treatment with nickel 
peroxide, for example, gives a mixture of products consisting of the ketonic product 12, the 
dimer 13, the trimer 14, and polymeric products (Scheme 3). 20 In a fairly detailed study of 
nickel peroxide oxidations, using ESR techniques, Konaka et al. n have shown that radical 
intermediates are actually involved in these reactions. Thus, in the oxidation of 2,6-di -tert- 
butyl-4-methyiphenol in benzene, the presence of 2,6-di-rerr-butyl-4-methylphenoxyl radical 
has been detected. In a recent investigation, ESR spin trapping technique using nitrosoben- 
zene has been employed to show the involvement of phenoxyl radicals in these reactions. 1516 
Thus, in the oxidation of phenol (15) with nickel peroxide in the presence of nitrosobenzene, 
for example, the formation of the phenoxazine-A-oxyl radical (23) has been inferred through 
ESR studies. In addition, the A-oxide 24, arising through the reaction of the initially formed 
phenoxyl radical with nitrosobenzene, has been isolated (Scheme 4). 
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SCHEME 3 



Nickel peroxide oxidation of hydrocarbons containing activated C-H bonds gives rise to 
the corresponding oxygenated compounds. Thus, toluene is oxidized to benzoic acid and 
diphenylmethane to beazophenone. 11 It has been suggested that these reactions proceed 
through pathways involving benzylic radicals, formed through the abstraction of the benzylic 
hydrogen atoms. The intermediacy of benzylic radicals in the nickel peroxide oxidation of 
aromatic hydrocarbons like ArCHR, and Ar 2 CHR has been demonstrated through ESR 
spin trapping techniques. 16 

Although the mechanistic details of the nickel peroxide oxidation of several other classes 
of organic compounds have not been well studied, some tentative suggestions have been 
advanced in some of these cases. Thus, for example, free radical intermediates, formed 
through the abstraction of aldehydic hydrogen atoms, have been suggested to be the inter- 
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mediates in the nickel peroxide oxidation of aldehydes to the corresponding carboxylic acids. 
Similar radical species may be involved in the oxidative dimerizations of isobutyraldehyde 
( 25 ), leading to both C-C and C-O dimers (27 and 29 ) (Scheme 5). 21 Aromatic primary 
amines are reported to undergo oxidation to give rise to diazo compounds, and these reac¬ 
tions may be proceeding through the dimerization of the initially formed nitrene inter¬ 
mediates. The oxidative dimerization reactions of secondary amines, leading to hydrazine 
derivatives, may be proceeding through free radical intermediates. Thus, the nickel peroxide 
oxidation of diphenylamine to tetraphenylhydrazine may involve the diphenylamine radical, 
formed through the initial abstraction of the NH hydrogen atom by the oxidant. 22 Aldehyde 
phenylhydrazones and chalcone phenylhydrazones are reported to undergo analogous C-C 
coupling reactions. 23 ' 24 Aromatic hydroxylamines are oxidized by nickel peroxide to the 
corresponding azoxy compounds [Eq. (3)]. 25 It has been assumed that the nitroso com- 

O e 

ArNHOH ™° ? ■ Ar —N =N —Ar (3) 

® 

pounds formed initially on the surface of the oxidant react further with hydroxylamine to 
give the azoxy compounds. 


3. SCOPE AND LIMITATIONS 

An important feature of a substrate undergoing nickel peroxide oxidation is that it con¬ 
tains active hydrogen atoms, which are attached to hetero atoms such as oxygen, nitrogen, 
and sulfur or carbon atoms bearing electronegative groups. Thus, substrates such as 
alcohols, phenols, polyhydroxy compounds, carbonyl compounds, etc. are excellent can¬ 
didates for nickel peroxide oxidation. Other types of reactions that are commonly encoun¬ 
tered include dehydrogenation reactions of hydrocarbons and heterocycles, telomenzation 
and polymerization reactions, and free radical addition reactions. 


3.1. Alcohols 

The oxidation of alcohols by nickel peroxide is affected by the alkalinity of the solvent 
medium and also the reaction conditions. 17 Whereas the oxidation of alcohols in organic 
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solvents such as benzene and petroleum ether gives the corresponding carbonyl compounds, 
primary alcohols in aqueous alkaline medium are further oxidized to the corresponding car¬ 
boxylic acids. 


3.1.1. Oxidation in Aqueous Alkaline Medium 

Saturated aliphatic primary alcohols are readily converted to the corresponding car¬ 
boxylic acids, on treatment with nickel peroxide in alkaline medium. 6 In general, the 
oxidation of straight-chain alcohols proceeds more readily than that of the corresponding 
branched chain isomers [Eqs. (4), (5)]. 


CH 3 (CH 2 ) 2 CH 2 OH - H;0 - ; 0 : c » CH 3 (CH 2 ) 2 C0 2 H (94%) (4) 

(CH 3 ) 2 CHCH 2 OH — 0 N '°; n . r ■ (CH 3 ) 2 CHCO,H (85%) (5) 

Unsaturated alcohols, on the other hand, undergo oxidative cleavage in some cases. 
Allyl alcohol, for example, gives a mixture of acrylic acid, formic acid, and carbon dioxide, 
on treatment with nickel peroxide in alkaline medium [Eq. (6)]. 6 The oxidation of 

CH : = CHCH 2 OH —CH 2 = CHC0 2 H + HC0 2 H + C0 2 (6) 

propargyl alcohol, however, gives mainly propiolic acid, whereas cinnamyl alcohol 
undergoes smooth conversion to cinnamic acid. 

In the case of alcohols possessing active methylene groups, the methylene groups, in 
part, are simultaneously oxidized at room temperature. However, at lower temperatures, 
only the hydroxy lie function is affected. Thus, the oxidation of 3-phenyl-1-propanol at 0“C 
gives mainly 3-phenylpropionic acid along with traces of benzoic acid, whereas at 30°C, a 
much higher yield of benzoic acid is obtained. 6 Benzylic alcohols are easily oxidized to the 
corresponding carboxylic acids. The oxidation of a-furfuryl alcohol likewise is reported to 
give a-furoic acid. 6 

Nickel peroxide has been found to be a selective oxidizing agent for bringing about 
transformations in the pyrimidine series. Thus, it has been observed that 6- 
hydroxymethyluracil ( 30 ) is converted to orotic acid ( 31 ) on treatment with nickel peroxide, 
and in this reaction, the hydroxymethyl group is selectively oxidized to a carboxylic acid 
functionality (Scheme 6). In contrast, the oxidation of the 2-thiouracil ( 32 ) with excess of 
nickel peroxide leads to orotic acid, involving both the oxidation of the hydroxymethyl 
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group and also the oxidative desulfurization of the thiocarbonyi group (Scheme 6). It has 
been observed that in the presence of excess of nickel peroxide, further decarboxylation also 
occurs. Thus, treatment of 35 with two equivalents of nickel peroxide results in the decar- 
boxylated product 34, whereas treatment with six equivalents of nickel peroxide results in the 
decarboxylated and desulfurized product 36 (Scheme 6). 7 

The oxidation reactions of several alcohols in aqueous alkaline medium are summarized 
in Table I. 

3.1.2. Oxidation in Organic Solvents 

Alcohols are readily converted to the corresponding carbonyl derivatives, when treated 
with nickel peroxide in organic solvents such as benzene and petroleum ether. The oxidation 
of saturated aliphatic alcohols, employing equivalent amounts of the oxide and alcohol, gives 
poor yields of the products, as most of the available oxygen in the oxidizing agent is lost as 
oxygen. 6 Benzylic alcohols and their a-substituted analogs have been oxidized to the 
corresponding carbonyl derivatives. Because of its mild nature, nickel peroxide could be suc¬ 
cessfully used in the conversion of heterocyclic alcohols such as furfuryl alcohol to give the 
corresponding aldehydes. 6 

Nickel peroxide has been found to be an excellent reagent for the oxidation of allylic 
alcohols. Thus, allyl and cinnamyl alcohols have been oxidized to the corresponding 
aldehydes in good yields. 6 It may be pointed out here that manganese dioxide also brings 
about these oxidations. 26 However, these reactions take a much longer time for completion 
as compared to the corresponding nickel peroxide oxidations. Geraniol, on oxidation with 
nickel peroxide, for example, is reported to give an 81% yield of citral in 6 h. 6 The oxidation 
of geraniol in the presence of manganese dioxide, however, gives 61 %—79% yield of citral 
after 96 h. 27a Similarly, the oxidation of vitamin A with nickel peroxide 6 gives an 83% yield 
of retinal in 1 h as compared to the manganese dioxide oxidation, 27b which requires 18 h to 
give comparable yields. 

It has been observed recently that acetylenic alcohols 28 and a-ketoalcohols 29 give the 
corresponding carbonyl compounds, as well as cyclized products, on treatment with nickel 
peroxide. Thus, the acetylenic diol 37 is oxidized to the furan derivative 38 (Scheme 7). 

a-Allenic aldehydes, ketones, and amides are easily prepared from 1,1-disubstituted a- 
allenic alcohols through nickel peroxide oxidation. 30 This method of obtaining the aldehyde 
or ketone is even superior to the oxidation of allenic alcohols by pyridinium 
chlorochromate. 31 Thus, for example, the nickel peroxide oxidation of 4-methylpent-2,3- 
diene-l-ol in ether at 20°C gives a 90% yield of the corresponding aldehyde [Eq. (7)]. 30 On 

(CH 3 ) 2 C = C = C(H)CH 2 OH —(CH 3 ) 2 C = C = C(H)CHO (7) 

the other hand, amides are obtained through the treatment of the a-allenic alcohols with 
ammonia in ether in the presence of nickel peroxide at lower temperatures. Thus, the reac¬ 
tion of 4-methylpent-2,3-diene-l-ol at —20°C gives the corresponding amide in a 60% yield 
[Eq. (8)]. 30 

(CH,) 2 C = C = C(H)CH 2 OH- ■ (CH 3 ) 2 C = C = C(H)CONH 2 (8) 

The oxidation reactions of several alcohols in organic solvents are summarized in 
Table II. 
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3.2. Phenols 

Phenol is reported to undergo oxidation with nickel peroxide to give polymeric 
products. 32 2,6-Xylenoi (39), on the other hand, is known to give a mixture of products con¬ 
sisting of poly-2,6-dimethyl-1,4-phenylene ether (41) and a small amount of 3,3',5,5'- 
tetramethyl-4,4'-diphenoquinone (40) (Scheme 8). 20,33 However, only polymeric materials 
are formed when the reaction is carried out in aqueous alkaline medium. Catechol (42) reacts 
with nickel peroxide to give cw,c«-muconic acid (43), arising through the cleavage of the 
aromatic ring (Scheme 9). 

An unusual oxidative dealkylation has been reported in the case of 2,6-di-ferr-butyl-4- 
methylphenol (44). Thus, the treatment of 44 with nickel peroxide in benzene at room tem¬ 
perature gives a mixture of several products consisting of 45-51 (Scheme 10). 34 

4-Cyanocatechoi (52) is oxidized by nickel peroxide to give an o-quinone intermediate 
which has been trapped with 2,3-dimethyibutadiene (53) to give the adduct 54 
(Scheme U). 35 

Nickel peroxide has been found to be a useful reagent in the synthesis of fuchsones from 
4-hydroxytriphenylmethane, which in turn could be obtained through the acid-catalyzed 
condensation of benzhydrol with substituted phenols. 36 Thus, the treatment of 3,5-dimethyl- 
4-hydroxytriphenylmethane (55) with nickel peroxide in benzene has been reported to give an 
84% yield of the corresponding fuchsone (56) (Scheme 12). It has been found that 3,5-di¬ 
substitution of the 4-hydroxytriphenylmethane is essential for their smooth oxidation to give 
fuchsones. A substrate such as 4-hydroxy-3-phenyltriphenylmethane, for example, undergoes 
oxidation to give only dimeric and polymeric products. 36 It may be mentioned in this con¬ 
nection that attempts to prepare the sterically hindered 2,3,5,6-tetramethylfuchsone have 
been unsuccessful. It may be noted here that manganese dioxide has also been reported to 
effect the oxidation of 3,5-disubstituted-4-hydroxytriphenylmethanes to the corresponding 
fuchsone derivatives. 36 

The oxidation reactions of several phenols are summarized in Table III. 


3.3. Hydroxy Compounds Containing Other Functionalities 

Lead tetraacetate and periodic acid are commonly employed in the cleavage of a-glycols. 
It has been shown that nickel peroxide also brings about the oxidation of a wide variety of 
hydroxy compounds such as glycols, a-hydroxy acids, a-oxo alcohols, and a-oxo acids 
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SCHEME 10 



(Table IV). 17 It is interesting to note that oxidative fragmentation products have been obser¬ 
ved when the reactions are carried out in organic solvents. Thus, for example, phenylethylene 
glycol, on oxidation with nickel peroxide in benzene, gives benzaldehyde, whereas benzoic 
acid is the only product formed when the oxidation is carried out in aqueous medium. 
Similarly, c«-cyciohexane-l,2-diol gives adipaldehyde in benzene medium. 

o-Hydroxy acids undergo oxidative decarboxylation on treatment with nickel peroxide. 
Mandelic acid, for example, has been reported to give a 78% yield of benzaldehyde on 
oxidation with nickel peroxide in benzene. In aqueous medium, however, the product formed 
in benzoic acid. 


3.4. Carbonyl Compounds 

Oxidation of aldehydes with nickel peroxide in alkaline medium gives rise to carboxylic 
acids. 6 Thus, benzaldehyde is smoothly converted to benzoic acid. Similarly, furfural is 
oxidized to furoic acid. 

Aldehydes containing a-hydrogen atoms, on the other hand, are reported to give aldol 
condensation products, and the alkalinity of the medium may be responsible for this type of 
reaction. 
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Nickel peroxide has been shown to be a useful reagent for the synthesis of 1,4-dicar- 
bonyl compounds, through the dehydrodimerization of the corresponding carbonyl 
compounds. 2137 Thus, isobutyraldehyde (25) on treatment with nickel peroxide gives the 1,4- 
dialdehyde 27, in addition to the enol ether 29, formed through a C-O coupling reaction 
(Scheme 5). 21 Similar dimerizations have been observed in the cases of 2- 
methylbutyraldehyde and 2-ethylbutyraldehyde. With monocyclic ketones, however, the 
reactions have been found to be rapid and exothermic. Thus, the reaction of cyclohexanone 
with nickel peroxide in acetonitrile for 0.5 h, for example, leads to a 73% yield of 
bicyclohexyl-2,2'-dione. The oxidation of a mixture of cyciopentanone and cyclohexanone, 
on the other hand, gives a mixture of bicyclohexyi-2,2'-dione, bicyclopentyl-2,2'-dione, and 
cyclohexylcyclopentyl-2,2'-dione. Similar reactions occur with acyclic ketones, though less 
readily. On the basis of ESR studies, employing spin traps, it has been possible to show that 
the dehydrodimerization of aldehydes in presence of nickel peroxide involves free radical 
intermediates. 37 

It has been shown that alcohols and aldehydes can be directly converted to the 
corresponding amides by their treatment with nickel peroxide in ether solution, containing 
ammonia, at temperatures below -20°C. 38 - 39 At higher temperatures, however, the yields of 
amides decrease and nitriles become the major products, under these conditions. Thus, p- 
chlorobenzaldehyde, for example, could be converted to p-chlorobenzamide in a 92% yield 
by carrying out the reaction with nickel peroxide in ether at — 25°C, whereas when the reac¬ 
tion is carried out at 35°C, a mixture of p-chlorobenzamide (5%), p-chlorobenzoic acid 
(15%), and p-chlorobenzonitrile (34%) are formed along with the recovery of some 
unchanged starting material (42%). 

Nickel peroxide oxidations of several carbonyl compounds are summarized in Table V. 


3.5. Amines 

3.5.1. Primary Amines 

Aromatic primary amines are readily converted to the corresponding azo compounds on 
oxidation with nickel peroxide. 40 Aniline, for example, on treatment with nickel peroxide in 
benzene, gives azobenzene (44%). The yields of the products in these reactions, however, 
depend on the nature of the substituents present in the aromatic ring. Thus, it has been 
observed that nitroanilines give better yields of the corresponding azo compounds, on treat¬ 
ment with nickel peroxide, 40 as compared to the oxidations employing manganese dioxide. 41 
However, the situation is reversed in the cases of chloroanilines, anisidines, and toluidines. 

Nickel peroxide oxidation of o-phenylenediamine (57) results in the cleavage of the 
aromatic ring to give the dinitrile 58 (Scheme 13 ). 42 It may be mentioned here that the 
manganese dioxide oxidation of 57, on the other hand, gives the diazo compound 59 
(Scheme 13). 43 However, the analogous dinitrile is not formed in the nickel peroxide 
oxidation of 2,3-diaminonaphthalene. 

Aliphatic primary amines, on the other hand, give rise to the corresponding nitriles. 
Thus, benzylamine on oxidation with nickel peroxide in benzene at 60°C for 1.5 h, for exam- 
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SCHEME 13 



pie, gives a 79% yield of benzonitrile. In contrast, phenylethylamine gives trans-a.a'- 
stilbenedicarbonitrile [Eq. (9)] under similar conditions. 3-4 

C 6 H S CH 2 CH 2 NH 2 - N - ° - . C 6 H 5 (CN)C = C(CN)C 6 H 5 (9) 

The oxidation reactions of several primary amines are summarized in Table VI. 


3.5.2. Secondary Amines 

Secondary amines undergo oxidative dimerization to yield tetrasubstituted hydrazines. 
Polymers also are formed in some of these reactions. Thus, the nickel peroxide oxidation of 
diphenylamine (60) gives tetraphenylhydrazine (62) as the major product, along with a small 
amount of polydiphenylamine (63) (Scheme 14). 22 However, in the case of benzylanilines, in 
addition to the dimeric products, appreciable amounts of Schiff bases are also formed 
through dehydrogenation reactions [Eq. (10)]. 23 p-Tolylphenylamine (64), under analogous 

C 6 H 5 CH ; NHAr ■ Ni ° : > C 6 H 5 CH 2 (Ar)NN(Ar)CH 2 C 6 H 5 + CH 6 H 5 CH = NAr (10) 

conditions, gives the corresponding hydrazine derivative (65) and N-(/>-tolyl)-p- 
benzoquinone monoimine (66) (Scheme 15). Similarly, the oxidation of carbazole gives 9,9'- 
bicarbazole and 9,3',9',9"-tetracarbazole and some amount of polymeric materials. 44 

Manganese dioxide oxidation of (V-benzylanilines has been reported to give rise to the 
corresponding benzylidineanilines. 46 On the contrary, nickel peroxide oxidation gives two 
types of oxidative dimers, in addition to benzylidineanilines. Thus, V-benzylaniline on treat- 
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SCHEME 15 



ment with nickel peroxide gives a mixture of benzylidineaniline (69) and V-benzyi-A'-phenyl- 
iV'-benzylidine-p-phenylenediamine (68) (Scheme 16). 23 

Tertiary amines have so far not been oxidized by nickel peroxide, whereas numerous 
reports have appeared in the literature dealing with the oxidation of these compounds with 
manganese dioxide. 45 

The oxidation reactions of several secondary amines are summarized in Table VII. 


3.6. Hydrazines 

Phenylhydrazine is known to undergo oxidation with nickel peroxide to give a variety of 
products, depending upon the nature of the solvent employed in these reactions. 4 * Thus, the 
oxidation in cyclohexane, for example, gives a mixture of benzene and biphenyl, whereas in 
carbon tetrachloride, the products formed include chlorobenzene, benzene, biphenyl, and 
hexachloroethane. On the other hand, when the reaction is carried out in benzene, biphenyl, 
traces of phenol, and 1,4-dihydrobiphenyl are formed. In contrast to the nickel peroxide 
oxidation, manganese dioxide oxidation of phenylhydrazine in benzene gives biphenyl and 
azobenzene. 43 

It has been reported recently that 2-hydrazinobenzothiazoie (70) is oxidized by nickel 
peroxide in benzene medium to give a mixture of 2-phenylbenzothiazole (71) and ben- 
zothiazole (72), whereas in toluene both benzothiazole (72) and 2,2'-benzothiazolyl (73) are 
formed. 49 However, when the reaction is carried out in chloroform, a mixture of ben¬ 
zothiazole (72) and 2.2'-azobenzothiazole (74) is formed (Scheme 17). 49 


3.7. Hydroxylamines 

Aromatic hydroxylamines are oxidized to the corresponding azoxy compounds by nickel 
peroxide. 25 Table VIII summarizes the results of the oxidation of several hydroxylamines. 
Thus, the oxidation of phenylhydroxylamine, for example, gives a 90% yield of azoxyben- 
zene. Oxidation of A'-benzylhydroxylamine, on the other hand, gives only a trace of the 

SCHEME 16 
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SCHEME 17 



corresponding azoxy compound, whereas the major product formed is a-nitrosotoiuene 
(35%). In contrast, the oxidation of benzoylhydroxyiamine gives a 58% yield of N.O- 
dibenzoylhydroxyiamine [Eq. (11)]. Similarly, the oxidation of /V-benzoyl-V- 
phenyihydroxyiamine with nickel peroxide gives benzanilide, along with a small amount of 
A'.O-dibenzoyl-A'-phenylhydroxylamine. 

C 6 H 5 CONHOH Ni ° ; . C 6 H 5 CONHOCOC 6 H 5 (11) 


3.8. Hydrazones, Phenylhydrazones, Benzoylhydrazones, and Oximes 

Aldehyde and ketone monohydrazones are oxidized by nickel peroxide to the 
corresponding diazo compounds in excellent yields. 50 Benzophenone hydrazone, for example, 
is reported to give a 99% yield of diphenyldiazomethane. It may be mentioned in this con- 


TABLE VIII. Oxidation of Hydroxylamines 
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Ni0 2 to 
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Conditions Product(s) 

Yield 

(%) 

References 

C 6 H 5 NHOH 


O e 

1 

— C 6 H ; N=NC 6 H s 

90 

25 

p-cic 6 h 4 nhoh 


© 

o 0 

1 

— p-C1C 6 H 4 N=NC 6 H 4 C1-p 

97 

25 

p-ch 3 c 6 h 4 nhoh 


© 

o e 

1 

— p-CH 3 C 6 H 4 N=NC«H 4 CH,-p 

92 

25 

c„h 5 conhoh 


e 

— C 6 H<CONHOCOC 6 H 5 

58 

25 



+ c 6 h ; co 2 h 

8 





Oxidation of Organic Compounds with Nickel Peroxide 


395 


SCHEME !8 


H 3 C ./ N= VCH 3 


h 3 c 


>V< 


Ni0 2 


ch 3 


25‘C 


vVC 


S NH 2 


n 2 


ch 3 


75 


76 


H 3 C. /CH 3 

)= c =\ 

H 3 C / n ch 3 


77 


nection that the manganese dioxide oxidation of benzophenone hydrazone also gives the 
same diazo compound, along with a small amount of diphenylketazine. 51 

Oxidation of benzil monohydrazone with nickel peroxide at ca. 0°C is reported to give a 
nearly quantitative yield of the a-diazo ketone [Eq. (12)], whereas the oxidation at room 
temperature gives a mixture of benzophenone and diphenylketene. 3 ' 4 

C 6 H s COC(NNH 2 )C 6 H 5 - Nl —C 6 H 5 COC(N 2 )C 6 H 5 (12) 

The oxidation of the pyrazolinone hydrazone 75 with nickel peroxide has been shown to 
give the allene 77, presumably through the intermediacy of 76 (Scheme 18). 52 

Recent studies have shown that nickel peroxide oxidation of the hydrazones 78 would 
form a convenient procedure for the synthesis of the triazolopyridines, 79 (Scheme 19). 63 

1,2-Diketone bishydrazones are oxidized to the corresponding alkynes, on treatment 
with nickel peroxide. Thus, benzil bishydrazone in oxidized to diphenylacetylene. 3 ' 4 A similar 
oxidation of cyclohexane-1,2-dione bishydrazone with manganese dioxide is reported to give 
cyciohexyne. 54-56 

Oxidation of ketone and aldehyde phenylhydrazones gives various types of products. 
Thus, benzophenone phenylhydrazone, on oxidation with nickel peroxide, gives a mixture of 
benzophenone and biphenyl. 23 In contrast, the oxidation of benzaidehyde phenylhydrazone 
(80) gives the C-C coupling product 81. 23 Manganese dioxide oxidation of ben- 
zaldehydrazone, however, gives rise to a mixture of products consisting of 81-85 
(Scheme 20). 57 

Chalcone phenylhydrazones give pyrazoles on oxidation with manganese dioxide. 24 
Nickel peroxide oxidation of chalcone phenylhydrazones, on the other hand, gives rise to 
bipyrazoiines. Benzyiideneacetone phenylhydrazone (86), for example, gives a ^/-mixture of 
87, on oxidation with nickel peroxide (Scheme 21). 64 

Bisazoalkenes, triazoles, and azopyrazoles are the usual products in the nickel peroxide 
oxidation of 1,2-diketone bisphenylhydrazones. Thus, the oxidation of glyoxal 
bisphenylhydrazone (88a), for example, at room temperature, gives bisphenylazoethylene 
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(89a) (Scheme 22). 58 Oxidation of the bishydrazones 88b-88d gives the triazoles 91b-91d, 
presumably arising through a pathway involving the zwitterionic intermediates, 90b-90d 
(Scheme 22).^ 

The oxidation of methylglyoxal bisphenylhydrazone (92a) at room temperature is repor¬ 
ted to give exclusively 1,2-bisphenylazopropylene (94a), whereas in refluxing benzene, a 
mixture of 94a and 98 is formed (Scheme 23). Similar results have been obtained in the case 
of 92b, whereas 92c gives the pyrazole 98c, both at room temperature and under refluxing 
conditions (Scheme 23). 58 

The room-temperature oxidation of benzylmethylglyoxal bisphenylhydrazone (99) gives 
a mixture of 3-phenyiazo-3-buten-2-one phenylhydrazone (100) and l,5-diphenyl-3-methyi-4- 
phenylazopyrazole (101). Under refluxing conditions in benzene, the oxidation of 99 gives a 
mixture of the phenylazopyrazoie 101 and l-phenyi-3-benzoyl-4-phenyiazopyrazole (102). 
(Scheme 24). 58 

The oxidation of phenylglyoxal bisphenylhydrazone (103) has been shown to give a 
mixture of the triazole 104, and 105 (Scheme 25). 58 

Benzoylhydrazones of aldehydes, ketones, and 1,2-diketones are known to undergo 
nickel peroxide oxidation to give a variety of products. 61 Benzaldehyde benzoylhydrazone 
(106a), for example, gives a mixture of the oxadiazole 107a and the nickel complex 108a. 
Similar results have been obtained with 106b-106d (Scheme 26). 61 
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Acetophenone benzoylhydrazone (109a) gives, on oxidation with nickel peroxide, a 
mixture of acetophenone (110a) and 111a. Similar results have been obtained with the ben- 
zoylhydrazones 109b, 109c (Scheme 27). 61 

Biacetyl bisbenzoylhydrazone (112a) on oxidation with nickel peroxide in chloroform 
gives a mixture of the triazole 116a and the nickel complex 115a (Scheme 28). Similar results 
have been obtained in the oxidation of 112b, 112c. 61 

The oxidation of phenylglyoxal bisbenzoylhydrazone (117a) with nickel peroxide gives a 
mixture of the triazoles 118a and 119a and the nickel complex 120a. Similar results have 
been obtained in the oxidation of 4-methoxyphenylglyoxal bisbenzoylhydrazone (117b) 
(Scheme 29). 61 
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The oxidation of aldoximes with nickel peroxide gives aldazine bis-iV-oxides as major 
products. 

The reactions of several hydrazones. phenylhydrazones. benzoylhydrazones, and oximes 
are summarized in Table IX. 


3.9. Schiff Bases 

Several benzoxazoles have been prepared through the nickel peroxide oxidation of o- 
(benzyiideneamino)phenols. 62 For example, o-( p-nitrobenzyiidineamino(phenol on treatment 
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a) R = C 6 H 5 ; b) R:o-N0 2 C 6 H 4 
c) Rrm-NC^Cgfy; d) R:p-NC» 2 C@H 4 



H 
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with nickel peroxide in benzene at 15°C for 1 h gives 2-(p-nitrophenyl)benzoxazole, in good 
yields. Similarly, the oxidation of iV-benzylidine-o-phenylenediamines 121a—I21d, with nickel 
peroxide gives good yields of 2-substituted benzimidazoles 124a-124d (Scheme 30). 49 Similar 
oxidative cyclizations have been employed in the preparation of substituted 
triazolopyridines. 63 

Mineo et al. have reported the synthesis of the theophyllines, 126a-126e through the 
nickel peroxide oxidation of the uracils 125a-125e in dimethylsulfoxide (Scheme 31). 53 
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Nickel peroxide oxidation of the Schiff base acetate 127 is known to give the pyrimidop- 
teridinetetrone 128 53 

The oxidation reactions of several Schiff bases are summarized in Table X. 


3.10. Compounds Containing Activated C-H Bonds 

Nickel peroxide oxidation of hydrocarbons containing activated C-H bonds is 
extremely slow under mild conditions, while under drastic conditions these substrates are 
oxidized to the corresponding carboxylic acids. In the oxidation of toluene, for example, it 
has been reported that further addition of nickel peroxide after 8 h of reaction time results in 
increased yields of benzoic acid. Manganese dioxide, on the other hand, does not oxidize 
simple hydrocarbons such as toluene, xylene, and ethylbenzene. 

Oxidation of diphenylmethane using nickel peroxide in refluxing benzene gives a 56% 
yield of benzophenone. However, in the absence of any solvent, and at 110°C, the yield of 
benzophenone is increased to 79%. 23 

A reported procedure for the a-fluorination of alkylbenzenes involves their treatment 
with fluoride in presence of nickel peroxide at low temperatures ( — 30°C). 65 p-Nitrotoluene, 
for example, gives a 44% yield of p-fluoromethylnitrobenzene and a 20% yield of p- 
difluoromethylnitrobenzene under these conditions [Eq. (13)]. 8-9 

p-NO ; C 6 H 4 CH 3 - - H p^, 7h » p-N0 2 C 6 H 4 CH 2 F + p-N0 2 C 6 H 4 CHF ; (13) 

Phenyiacetonitrile (129) on oxidation with nickel peroxide gives a variety of products 
consisting of meso-2,3-diphenylsuccinonitrile (130) cis- and /rans-dicyanostilbenes (131, 132), 
benzoic acid (133) and polymeric products (Scheme 32). 66 The nitrile 130 itself undergoes 
oxidation with nickel peroxide to give a mixture of 131 and 132, along with polymeric 
materials. 66 

An interesting coupling reaction has been observed in the case of the oxazolidine 134, 
which on treatment with nickel peroxide gives rise to the cyclopropane 135 (Scheme 33). 47 

The nickel peroxide oxidation reactions of several compounds containing activated C-H 
bonds are summarized in Table XI. 


3.11. Sulfur Compounds 

Oxidative dimers are obtained in the oxidation of thiols with nickel peroxide. 67 
Thiophenol, for example, is oxidized to diphenyldisulflde in a 95% yield. Ethyl mercaptan, 
similarly, gives a 87% yield of diethyldisulfide, on oxidation with nickel peroxide at 30°C for 
2 h. On the other hand, the oxidation of sulfides to sulfones with nickel peroxide proceeds 
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SCHEME 33 
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X = oxQzotidinyl 


very slowly. Thus, diphenyl sulfide on oxidation with nickel peroxide at 80°C gives only a 
48% yield of diphenylsulfone. even after 10 h of reaction time [Eq. (14)]. 

C 6 H 5 SC 6 H 5 —C 6 H 5 S0 2 C 6 H 5 (14) 

Sugita and Tsujino have examined the nickel peroxide oxidation of several 
phenothiazines. 68 Mixtures of products consisting of oxidative dimers, dehydrogenated 
products, sulfones. sulfoxides, and polymeric materials have been observed in these reactions. 

The oxidation of thiosemicarbazides is known to give different types of products, 
depending on the substituents present in these compounds. 69 For example, the oxidation of 
l-(2-pyridyl)-4-methylthiosemicarbazide (136) gives the triazolopyridine 137, on treatment 
with nickel peroxide (Scheme 34), whereas phenyl-4-methylthiosemicarbazide. under 
analogous conditions gives the corresponding azo compound [Eq. (15)]. In contrast, the 
oxidation of the semicarbazide 138 results in decomposition products only (Scheme 34). 

C 6 H 5 NHNHCSNHCH 3 —C 6 H 5 N = NC(S)NHCH 3 (15) 

The oxidation reactions of several sulfur compounds are summarized in Table XII. 


3.12. Miscellaneous Reactions 


3.12.1. Dehydrogenation and Other Reactions of Heterocycles 

Nickel peroxide is a useful reagent in the dehydrogenation of heterocycles such as 
pyrazolines, oxazolines, and thiazolines. Thus, the pyrazoline 139, on treatment with nickel 
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TABLE XI. Oxidation of Compounds Containing Activated C —H Bonds 



Ratio of 






NiO, to 



Yield 


Reactant 

reactant 

Conditions 

Product! s) 

(%) 

References 

p-N0 2 C 6 H 4 CH, 

3.2 

HF/25°C/17 h 

/>-no 2 c 6 h 4 ch 2 f 

44 

8.9 




+ p-NO : C(,H 4 CHF; 

20 



2.4 

Polyfchiorotri- 

/>-NO,C 6 H 4 CH,F 

21 

65 



fluoroethylene)/ 

-30 to 80°C/17 h 

+ p-NO,C 6 H 4 CHF, 

71 


QH 5 CHX 6 H 5 

— 

C 6 H 6j / 80°C/5 h 

c 6 h 5 coc 6 h 5 

56 

3.4 

c 6 h 5 ch,c 6 h 5 

— 

110°C/5 h 

C 6 H s COC 6 H 5 

79 

3.4 

CPO 

— 

110°C/5 h 

0^0 

66 

23 

(C 6 H 5 ) 3 CC(QH 5 ) 3 

0.6 

C 6 HJ55 0 C/10h 

(C 6 H 5 ) 3 COH 

90 

11 

C 6 H 5 N = NC(C«,H 5 ) j 

1.1 

C 6 H 6 /65°C 

(C«H 5 ) 3 COH 

56 

11 




+ (QH,) 3 CH 

48 





+ c 6 h 5 c 6 h 5 

79 


(C 6 H 5 ) 2 CHCN 

— 

C 6 H 6 /25°C/1 h 

(C 6 H 5 )XCN 

[ 

99 

3. 4, 11 




NCC(C 6 H 5 ) 2 




peroxide in benzene at 80°C for 3 h, gives a 95% yield of the pyrazole 140 (Scheme 35). 23 
Similarly, the oxazoline 141 gives a 69% yield of the oxazole 142 (Scheme 35). 70 The 
thiazoline 143, on treatment with nickel peroxide at 25°C for 72 h, undergoes 
dehydrogenation to give the thiazole 144 (Scheme 35). 70 Mention may be made here of the 
dehydrogenation of the naturally occurring phleomycin A 2 to give bleomycin A, in a 83% 
yield, on treatment with nickel peroxide. 70 

Dicarbonyl azo compounds can be prepared through the dehydrogenation of the 
corresponding diacyl hydrazides by treatment with nickel peroxide. 71 Thus, the treatment of 
maleic hydrazide (145) with nickel peroxide at room temperature gives 3,6-dioxopyridazine 
(146). Similarly, the oxidation of 148 gives rise to the diazanaphthaquinone 149 (Scheme 36). 
When these oxidation reactions are carried out in the presence of dienes, the corresponding 
Diels-Alder adducts are isolated. Thus, the oxidation of 145 and 148 with nickel peroxide in 
the presence of trans.trans- 1,4-diphenyl- 1,3-butadiene, for example, gives rise to the adducts 
147 and 150, respectively (Scheme 36). 71 

Nickel peroxide could be used for generation of benzyne through the oxidation of 1- 
aminobenzotriazole (151). 72 In the absence of benzyne trapping agents, however, the 
oxidation of 151 gives rise to a mixture of products consisting of biphenylene (153), azoben¬ 
zene (154), and 1-phenylbenzotriazole (155) (Scheme 37). It has been suggested that the 
nitrene 152 is a probable intermediate in this reaction. On the other hand, the oxidation of 


TABLE XII. Oxidation of Sulfur Compounds 


Reactant 

Ratio of 
NiO : to 
reactant 

Conditions 

Product(s) 

Yield (%) 

References 

c 6 h 5 sh 

— 

1 h 

C„H 5 SSC 6 H 5 

95 

67 

ch 3 ch 2 sh 

— 

30°C/2 h 

CH,CH 2 SSCH,CH 3 

87 

67 

C 6 H s SC«,H 5 

— 

80°C/10 h 

C 6 H,(S0 2 )C 6 H, 

48 

67 
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SCHEME 37 



presence of nickel peroxide, for example, a 1:1 addition product is formed. However, styrene 
in the presence of chloroform yields products with a higher degree of polymerization. Under 
analogous conditions, tetrabromoethane, gives a 1:1 adduct in nearly quantitative yield. The 
reaction of a mixture of chloroform and bromoform with nickel peroxide in carbon 
tetrachloride is reported to give a mixture of l,l,l-tribromo-2,2,2-trichloroethane, 
hexachloroethane, hexabromoethane, and tetrabromoethylene through telomerization 
reactions. 75 

Several terpenes such as a-terpineol, linalool, myrcene, and dipentene have been syn¬ 
thesized through the telomerization of isoprene and prenyl chloride, using nickel peroxide as 
the initiator. 76 Mention may also be made that several stereospecific polymers have been syn¬ 
thesized through the use of nickel peroxide as initiator. 77 S7 
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Nickel peroxide could also be used in the alkylation of compounds containing activated 
methylene groups with terminal alkenes. Thus, the reaction of ethyl cyanoacetate with 1- 
hexene in the presence of nickel peroxide, for example, gives rise to ethyl a-cyanooctanoate. 88 


4. EXPERIMENTAL CONSIDERATIONS 

Nickel peroxide oxidations are relatively simple to carry out: however, the reaction con¬ 
ditions have to be carefully optimized for better results. There have been only very few 
studies detailing the effects of variables such as proportions of reactants, solvents, time, tem¬ 
perature, presence of other materials, workup procedures, etc. in nickel peroxide oxidations 
of organic substrates. 


4.1. Nickel Peroxide 

Nickel peroxide is the name used to designate the black amorphous, hydrous and higher 
oxides of nickel, formed by the reaction of nickel (II) salts with a strong oxidizing agent such 
as sodium hypochlorite. It has a larger surface area when compared to manganese dioxide 
and is a more effective oxidizing agent. It is insoluble in organic solvents and water which are 
commonly used for oxidation reactions. 

In practice, the amount of nickel peroxide needed for any oxidation is determined on the 
basis of its available oxygen. It has been observed that one equivalent of available oxygen 
converts one mole of an alcohol to the corresponding carbonyl compound, or corresponds to 
the generation of two radical species. 11 The amount of available oxygen in a given sample of 
nickel peroxide is estimated iodometrically and a typical experimental procedure is outlined 
in Section 4.4. 

A sample of nickel peroxide loses a considerable portion of its available oxygen, on 
heating. However, it can be stored at room temperature, under protection against 
atmospheric moisture, for a long time without losing its activity. 6 

Although nickel peroxide is commercially available today, a brief discussion on the 
methods of its preparation and purification may not be out of place. Most procedures repor¬ 
ted in the literature indicate that freshly prepared nickel peroxide has been employed as the 
oxidizing agent. Although the need for the use of freshly prepared nickel peroxide in some 
cases is questionable, it has been reported that aged samples of nickel peroxide may give 
results different from those obtained with freshly prepared samples of the oxidant. 

The commonly employed method for the preparation of nickel peroxide is that of 
Nakagawa. 6 which is outlined under Section 4.4. 

It has also been reported that nickel peroxide is formed in the electrolysis of nickel 
hydroxide pulp with a high current efficiency in the presence of sodium chloride and 
sulfate. 89 Sodium hypochlorite is assumed to be formed in this reaction under electrolytic 
conditions which then converts the nickel salt to nickel peroxide. 

For large-scale oxidations, nickel peroxide supported on graphite can be employed, and 
it is prepared by treating nickel oxide on powdered graphite in aqueous solution with sodium 
hypochlorite. 90 ' 91 

It may be mentioned in this connection that the nickel peroxide that has been used in 
reactions can be reactivated by oxidizing it with sodium hypochlorite solution. (6 ' 921 A typical 
reactivation procedure is outlined in Section 4.4. 


4.2. Reaction Conditions 

Factors such as the nature of the solvent, temperature, reaction time, and stoichiometry 
of the reactants influence nickel peroxide oxidations appreciably. An important example of 
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the effect of solvents, for example, in nickel peroxide oxidations is that of alcohols. Thus, 
when alcohols are oxidized in aqueous alkaline medium, carboxylic acids are generally for¬ 
med, whereas when the reaction is carried out in organic solvents, the oxidation stops with 
the initial formation of carbonyl compounds. The most commonly employed solvents in 
nickel peroxide oxidation are benzene, ether, petroleum ether, and water. In a few cases, 
combinations of some of these solvents have also been used. It may be noted that solvents 
with active hydrogens such as alcohol and chloroform should be avoided because they may 
themselves be oxidized and thereby interfere with the main reaction. Also, in general, 
solvents which can stabilize radical intermediates are preferred in nickel peroxide oxidations. 
Other solvents that have been employed include tetrahydrofuran, acetic acid, n-hexane, 
cyclohexane, methylcyclohexane, methylene chloride, and dimethyl sulfoxide. 

Nickel peroxide oxidation of aldehydes in the presence of ammonia gives rise to amides 
or nitriles, depending on the reaction temperature. Thus, at lower temperatures amides are 
formed as the major products, whereas at higher temperatures nitriles predominate. 
Similarly, the reaction time and also the stoichiometry of the reactants influence the course of 
nickel peroxide oxidations. Thus, in the oxidation of 6-hydroxymethyl-2-thiouracils, for 
example, the use of two equivalents of nickel peroxide brings about selective oxidation of the 
hydroxymethyl group to a carboxyl group, whereas, when excess of nickel peroxide is used, 
the oxidative desulfurization of the thiocarbonyl group also takes place, along with the con¬ 
version of the hydroxymethyl group to the carbonyl group. 7 


4.3. Workup Procedures 

Nickel peroxide oxidations are very clean and easy to carry out. After the reaction is 
over, the excess of nickel peroxide and other inorganic material can be easily removed by 
filtration. Removal of the solvent from the filtrate under reduced pressure gives the product 
mixture, which can be purified usually by fractional crystallization in the case of solids or by 
chromatography over alumina or silica gel. 


4.4. Model Experimental Procedures 


4.4.1. Preparation of Nickel Peroxide 6 

A mixture of 300 ml of 6% sodium hypochlorite solution and 42 g of sodium hydroxide 
is added, dropwise, to a solution of 130 g nickel sulfate hydrate in 300 ml of water and 
stirred for 0.5 h at 20°C. The black nickel peroxide that is formed is filtered and washed 
several times with water to remove all water-soluble salts. The solid cake that results is 
crushed to powder and dried over anhydrous calcium chloride, preferably under reduced 
pressure. 


4.4.2. Determination of Available Oxygen in Nickel Peroxide 6 

About 0.2 g of nickel peroxide is accurately weighed and added to 20 ml of 36% acetic 
acid containing 2% — 3% of potassium iodide in a stoppered flask. After complete dis¬ 
solution of the oxidant, the solution is allowed to stand for 10 min and the liberated iodine is 
titrated against 0.1 N sodium thiosulfate solution. The available oxygen content is calculated 
as per the following equation: 


Na,S^0 3 (ml) 

—- —■■ ■ ■ ■■■ ; ■ , ———- = gram atom oxygen/gram of nickel peroxide 

1000 X peroxide (g)x 10x2 76 6 p 
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4.4.3. Reactivation of Nickel Peroxide 6 

Nickel peroxide that has been used earlier is reactivated by stirring in 6% sodium 
hypochlorite solution (about ten times the quantity of nickel peroxide) for 20 min. The 
activated oxide is washed several times with water and dried over anhydrous calcium 
chloride under vacuum. 


4.4.4. Oxidation of Benzyl Alcohol in Aqueous Alkaline Medium 6 

To a solution of 2.16 g of benzyl alcohol and 1.0 g of sodium hydroxide in 50 ml of 
water, 16.0 g of nickel peroxide (1.5 times the theoretical amount) is added while stirring on 
a magnetic stirrer (0.5 h). The stirring is continued for 3 h at room temperature (30°C) and 
the mixture is filtered to remove the unchanged oxidant and other organic material. 
Acidification of the clear filtrate with dilute hydrochloric acid gives a white solid precipitate 
which is filtered and dried to give 2.1 g (88%) of benzoic acid, mp 122.5°C, after 
recrystallization from water. Workup of the aqueous filtrate by extraction with ether gives an 
additional amount of 0.26 g (11%) of benzoic acid, mp 122.5°C. 

4.4.5. Oxidation of Benzyl Alcohol in Benzene 6 

A mixture of 5 g of benzyl alcohol and nickel peroxide (1.5 times the required amount, 
on the basis of available oxygen) in 45 ml of benzene is stirred in a flask equipped with a 
reflux condenser and the reaction temperature is maintained at 50°C, by heating on a hot 
plate. After stirring for 3 h. the reaction mixture is filtered to remove all the inorganic 
material. An aliquot portion of the filtrate, on treatment with 2,4-dinitrophenylhydrazine, 
gives the 2,4-dinitrophenylhydrazone of benzaldehyde. Based on this assay, a 73% yield of 
benzaldehyde is inferred, whereas gas chromatographic analysis indicates a 76% yield. 

4.4.6. General Procedure for Oxidation of Phenols 36 

A mixture of the phenol and calculated amount of nickel peroxide based on the 
available oxygen content is stirred in benzene or ether at room temperature using a magnetic 
stirrer. The reaction mixture is filtered to remove all the inorganic material and the clear 
filtrate is worked up by the usual procedure (see Table III). 

4.4.7. Oxidation of Benzoin 6 

A mixture of 5.0 g of benzoin and nickel peroxide (1.2 times the theoretical amount 
based on the available oxygen content) in 200 ml of benzene is heated at 50°C for 5 h. The 
reaction mixture is filtered and washed with benzene, and the crude product is obtained after 
removal of the solvent is recrystallized from aqueous alcohol to give 4.87 g (97%) of benzil, 
mp 94°C. 

4.4.8. Oxidation of Vitamin A, 6 

To a solution of 25 mg of vitamin A, (prepared from its palmitate) in 15 ml of 
petroleum ether is added 100 mg of nickel peroxide and the mixture is stirred at room tem¬ 
perature for 1 h. The reaction mixture is filtered and washed with petroleum ether. Removal 
of the solvent from the filtrate gives the oily retinal, which is dissolved in isopropanol and is 
assayed through electronic spectroscopy to indicate a 83% yield. 

4.4.9. General Procedure for the Ammoxidation of Aldehydes 38 

A solution of the aldehyde (allylic or aromatic) in freshly distilled ether is stirred under 
nitrogen, and dry ammonia gas is introduced until the solution is saturated at — 20°C. The 
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requisite amount of nickel peroxide is added in small amounts over 1 h and ammonia gas is 
bubbled through the reaction mixture for about 4 h at — 20°C. The reaction mixture is 
filtered and the solid residue is washed with hot methanol. Removal of the solvent gives the 
crude amide, which is purified by standard procedures. 


4.4.10. Oxidation of 4-Hydroxy-i-phenyltriphenylmethane 36 

A suspension of nickel peroxide (11.0 g) in a solution of 1.12 g of 4-hydroxy-3-phenyl 
triphenylmethane in 80 ml of benzene is shaken for 3.5 h in a stoppered flask. Filtration and 
washing of the residual metal oxide with benzene gives a brown-red filtrate, which yields a 
semisolid residue, on removal of the solvent under vacuum. It is triturated with a small 
amount of benzene, filtered, and recrystallized by dissolving in hot chloroform and adding 
benzene to give 0.195 g (19%) of 3-phenylfuchsone, mp 325-328°C. 


4.4.11. Oxidation of Cyclohexanone 37 

Nickel peroxide (2.0 g, active oxygen equivalent 2.62) is added, portionwise, to a stirred 
mixture of 30 g of cyclohexanone and 30 ml of acetonitrile and the reaction temperature is 
maintained below 45 °C during the course of addition. After stirring the mixture for a further 
period of 0.5 h, the inorganic materials are removed by filtration. Removal of the solvent and 
unchanged cyclohexanone under vacuum gives 4.6 g of a product, bp 160-200°C (at 15 mm). 
GLC analysis indicates that the mixture contains bicyclohexyl-2,2'-dione (meso and dl 
mixture, 73%), along with a small amount of cyclohexanone (12%). 


4.4.12. Oxidation of o-Phenylenediamine 42 

To a solution of ophenylenediamine in benzene or ether is slowly added nickel peroxide 
(twice the theoretical amount based on available oxygen content), with constant stirring, at 
room temperature ( ~30°C). The reaction proceeds very rapidly and the color of the solution 
turns red brown. Removal of the inorganic material by filtration and the solvent under 
vacuum gives a residual solid, which is chromatographed over alumina to give a 14% yield 
of c/s,c«-l,4-dicyano-l,3-butanediene, mp 128-129°C, after recrystallization from carbon 
tetrachloride. 


4.4.13. Oxidation of Benzophenone Hydrazone x 

To a solution of benzophenone hydrazone in ether, nickel peroxide (1.1 times the 
theoretical amount based on the available oxygen content) is added gradually, while stirring 
on a magnetic stirrer. Stirring is continued for an additional period of 1 h at ca. 20°C and the 
unchanged nickel peroxide and other inorganic materials are removed by filtration. Removal 
of the solvent under vacuum gives a residual material which is assayed by treatment with 
benzoic acid in ether solution to give benzhydryl benzoate (97%), mp 87.5°C. 


4.4.14. Oxidation of Benzil Bisphenylhvdrazone ' 8 

A mixture of 2 g of benzil bisphenylhydrazone and 4 g of nickel peroxide is stirred in 
150 ml of benzene at room temperature (30°C) for 3 h. Removal of the nickel salts by 
filtration and the solvent under vacuum gives a residual solid, which is recrystallized from a 
mixture (1:1) of benzene and petroleum ether to give 1.2 g (60%) of 1,2- 
bisphenylazostilbene, mp 179°C. The mother liquor obtained after removal of the solid, is 
concentrated under vacuum and the residual material is chromatographed over neutral 
alumina. Elution of the column with petroleum ether gives 0.2 g (13%) of 2,4,5-triphenyl- 
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1,2,3-triazole, mp 124°C. Further elution of the column using the same solvent gives an 
additional 0.2 g (H%) of 1,2-bisphenylazostilbene, mp 179°C. 

4.4.15. Oxidation of o-(p-Nitrobenzylidineamino)phenol 62 

A suspension of 2.4 g of o-( p-nitrobenzylidineamino (phenol in 50 ml of benzene is 
treated with 3.6 g of nickel peroxide (available oxygen content 3.5 mg-atom/g) at 15°C. The 
reaction mixture is stirred for 1 h and worked up in the usual manner to give 1.8 g (75%) of 
2-(/>-nitrophenyl)benzoxazole, mp 211.5-212°C. 

4.4.16. Oxidation of Chloroform b 

A mixture of 100 g of chloroform and 13.3 g of nickel peroxide (available oxygen con¬ 
tent 3.1 mgatom/g) is refluxed for 15 h. The inorganic material is removed by filtration and 
the solvent under vacuum to give a residual solid which is sublimed in a sealed tube to give 
7.2 g (72%, calculated on the basis of available oxygen content of nickel peroxide) of 
hexachloroethane, mp 184-186°C. 

4.4.17. Oxidation of Methyl 2-n-Propyloxazoline-4-carboxylate 10 

A solution of 0.5 g of methyl 2-n-propyloxazoline-4-carboxylate in 30 ml of cyclohexane 
is treated with 0.7 g of nickel peroxide in two portions, while the reaction mixture is heated 
under reflux for 40 h. Removal of the unchanged nickel peroxide and other inorganic 
material by filtration and the solvent under vacuum gives an oil which is purified using thin 
layer chromatography (developed twice with 10% acetone in hexane) to give 0.29 g (58%) of 
methyl 2-n-propyloxazole-4-carboxylate, as a pale yellow oil. 

4.4.18. Oxidation of Phthalic Acid Hydrazide in the Presence of 1,3-Cyclooctadiene 1 ' 

To a stirred mixture of phthalic acid hydrazide (0.01 mol) and 1,3-cyclooctadiene 
(0.01-0.03 mol) in 50 ml of methylene chloride, at room temperature, nickel peroxide (1.2-2.0 
times the theoretical amount) is added portionwise, and the stirring is continued for an 
additional period of 20-40 h, at room temperature. The reaction mixture is filtered, and 
removal of the solvent under vacuum (40°C) gives a residual solid, which is recrystallized 
from a mixture of petroleum ether, n-hexane, and ethanol to give a 2.4 g (89%) of the 
adduct, mp 200.5-201 °C. 
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Oxidations of Organic Compounds 

Catalyzed by Copper- 

and Cobalt-Amine Complexes 

C. R. H. I. DE JONGE 


1. INTRODUCTION 

Selective oxidations of organic substrates catalyzed by transition metal complexes capable of 
activating oxygen have been of interest since Glaser observed 1 more than a hundred years 
ago that phenylacetylene underwent smooth aerial oxidation to diphenylacetylene when 
cuprous chloride in ammonia was used as a catalyst. This reaction has since been applied to 
a wide variety of organic compounds possessing the ethynyl grouping. The Glaser cop¬ 
per-amine system has been used in various modifications for many years up to the 1950s 
when two independant groups found a breakthrough in the oxidation of phenols using a cop¬ 
per-amine complex as a catalyst. 2 

Brackman and Havinga observed that naphthols were dimerized to dinaphthols (C-C 
coupling) using 0 2 and copper-collidine or copper-pyridine complexes as catalysts, and Hay 
found that when the oxidation of a 2.6-disubstituted phenol is carried out at room tem¬ 
perature by merely passing oxygen through a solution of the phenol in an organic solvent 
containing pyridine and cuprous chloride as a catalyst, linear polyphenylene ethers are for¬ 
med (C-O coupling) when the substituent groups are small, as in 2,6-dimethylphenol. With 
bulky ortho substituents, as in 2,6-di-r-butylphenol, C-C coupling occurs and the dipheno- 
quinone is the sole product. 

Since then, the use of the Oj/Cu’/amine oxidation system has been extended to, e.g., 
C-C coupling of activated methine compounds, 3 oxidative cleavage reactions, 4 oxygenation 
reactions, 5 and N-N coupling. 6 

In contrast to copper-amine catalyzed oxidations of organic substrates, the 
cobalt-amine catalyzed oxidations have only a restricted, but valuable, synthetic potential. 
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Whereas in copper-amine catalyzed oxidations in most cases, selective dehydrogenation 
occurs, oxygenation predominates in cobalt-amine catalyzed oxidations. 

This is illustrated by the synthesis of p-benzoquinones from phenols using 0 2 and 
Salcomine-(bis(salicylidene) ethvlenediiminocobalt II) as a catalyst. 7 In most cases the p-ben- 
zoquinones were the main reaction products, although compounds originating from coupling 
of aryioxy radicals were also isolated. 

High selectivity, viz., almost quantitative oxygenation, was found by de Jonge et al. 
when dimethylformamide was used as the solvent, which suggests that the Salcomine catalyst 
differs from that in other cases. 8 

From this time on Salcomine catalyzed oxidations become of interest for, e.g.. vital steps 
in the sterospecific total synthesis of gibberellic acid. 9 


2. MECHANISM 


In general, oxidations of organic substrates RH with copper-amine complexes as 
catalysts take place in three steps, viz., formation of an anion, oxidation to the corresponding 
radical, and radical coupling (dimerization or polymerization): 

-H* „ 

R‘-► 4RR 


RH 

I 


R- 

2 


3 4 

A generally adopted reaction scheme for the catalyst is as follows: 


2CuCK + 2Am 


Am 


Cl 


Cl 

Cu"^ SX Cu 1,/ 

' \ / N 

Cl 


Cl 


Am = amine 


Am 


5 + H-,0 


Am 


Cl 


H 

O 


/ 


Cl 


Cu" Cu 11 Am + 2HC1 

' \/ 

H 


Am 


Cl 


6 + 2(1) ^ Cu" Cu“ +2H,0 

/ \ / \ 

Cl R Am 


7-► 4 + 2AmCu‘CI 

2AmCu‘Cl + 2HC1 + -► 5 + H,0 

In copper-amine catalyzed oxidative coupling a substrate should fulfill conditions such 
as pK„ (substrate) < 20. Too high a pK„ or the use of aprotic solvents like dimethylsulfoxide 
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gives a fast oxygenation of the anion 2 10 ; R should stabilize the radical more than the anion; 
conversion of tertiary anions to tertiary radicals occurs more readily than conversion of 
secondary or primary anions to the corresponding radicals. 11 

The anion, the radical, and the dimerized product ail should be relatively insensitive to 
oxygen; otherwise oxygenation of any of these intermediates or products will take place. 

Along these lines the exclusive oxidative dimerization found with, e.g., p-toiylcyanoacetic 
methylester 3 can be understood. 

The mechanism of cobalt-amine catalyzed oxidations has been studied by Matsuura el 
al., n who found an interesting intermediate in the case of 4 alkyl-2,6-di-i-butylphenol. 


O 



The formation of the peroxy-p-quinolato Co(III) complex (8) in the oxygenation of 4- 
alkyl-2,6-di-r-butyiphenol with a Co(II) Schiff base can be rationalized by a mechanism 
involving hydrogen abstraction by a superoxo Co(III) species from the phenol producing a 
phenoxvl radical, electron transfer from the Co(III) complex to the phenoxyl radical, and 
oxygen incorporation into the phenolato Co(III) complex thus formed. 


-Co 7 + O, -► -Co-OO- 

/ \ ' / ^ 



\ / \ / 

-Co + O? -► -Co-OO 

/ \ 2 / \ 


The high regioselectivity for the peroxy-p-quinolato Co(III) complexes may be due to 
the rapid phenolato Co(III) complex formation. 
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3. SCOPE AND LIMITATIONS 


3.1. Copper-Amine-Catalyzed Oxidations 

Catalytic oxidations of organic substrates with copper-amine complexes as catalysts are 
an attractive way to produce oxidation products. Generally, the reactions are carried out at 
ambient temperatures using oxygen or air as the oxidant. Laborious working up procedures 
can be avoided as, e.g., in the case of K 3 Fe(CN) 6 K.Mn0 4 , Ag 2 0, Mn0 2 , and Pb0 2 
oxidations. On the other hand, the classes of organic substrates which are suited to be 
oxidized on a preparative scale (yields >60%) are limited. 


3.1.1. Acetylenes 

The scope of the reaction, using Glaser’s original procedure—i.e., an ethynyl compound 
dissolved in water or ethanol is added to a solution of cuprous chloride and ammonium 
chloride in water—is rather wide, and the coupling reaction can be applied to ethynyl-bear- 
ing carbinols, 13 aliphatic 14 and aromatic hydrocarbons, 15 thiophenes, 16 esters, 17 acids, 18 
ethers, 19 thioethers. 19 nitriles, 20 enynes, 21 alleneynes, 22 a-diynes, 23 triynes, 24 and tetraynes. 25 
These compounds bearing weakly acidic ethynyl groups couple more rapidly under acidic 
conditions. The reaction proceeds, although slowly in the presence of only catalytic quan¬ 
tities of cuprous chloride. A large excess (3 moles per mole ethynyl compound) has been 
recommended as the reaction then proceeds rapidly. The reaction is conducted in water or in 
mixtures of water with alcohol, acetone, dioxan or tetrahydrofuran. The oxidation proceeds 
smoothly over a wide range of pH and is thus adaptable for the coupling of acid or alkali- 
sensitive materials. Apart from the Glaser reagent CuCl/amine complexes can be used in the 
oxidative coupling of ethynyl compounds (Hay’s method). 13 It was shown that the reactivity 
of Cu(I)Cl-A , ,A',A r ,A r '-tetramethylethylenediamine^> Cu(l)Cl-pyridine > Cu(Il) acetate- 
pyridine. Phenylacetylene couples faster than I-ethynylcyclohexanol, which couples faster 
than hexyne-I. It is seen that Cu(I)-diamine is the most effective catalyst for the C-C coupl¬ 
ing of acetylenes. Advantages are that (a) the reaction can be carried out in a variety of 
organic solvents; (b) only catalytic amounts of Cu(I)Ci and the diamine are necessary; (c) 
the oxidative coupling reaction can be carried out under neutral conditions; (d) low tem¬ 
peratures can be used, due to the high activity of the catalyst. Comparing the Glaser con¬ 
ditions and the Hay conditions it is apparant that the limitations are found in the former 
method. Unsymmetrical coupling, for example, could be obtained with N-propargyl-glycine 
ethylester and trimethylsilyiacetylene using the Hay conditions (Cu(\)C\-N,N,N\N'- 
tetramethylethylenediamine) to give A'-acetyl-2-amino-7-(trimethylsilyl )-4,6-heptadiynoate in 
57% yield. 26 Another example, 3 where the Glaser conditions failed and the Hay conditions 
could be successfully applied, is the oxidative coupling of heterocyclic acetylenes. 27 

Linder Glaser conditions using too strongly acid conditions (pH = 1) coupling and an 
anionotropic rearrangement occur together: 

CHj-CH=CHCH(OH)GeC-C=C(OH)CHCH=CH-CHj 

/p” 65 93% 

CH-,-CH=CHCH(OH)C=CH 

y>H 1 

CH 3 CH(OH)CH=CHC=C-ChCCH=CHCH(OH)CH 3 

81% 

Too strongly acid conditions may give rise to other side reactions such as dehydration, 
hydrolysis, and Straus coupling, 28 which involves a dimerization as shown below: 


2RC == CH 


RC s C — CH = CHR 


Also in the Glaser conditions the resulting diynes may be contaminated by enynes (Straus 
coupling). 
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3.1.2. Phenols 


Cu-amine catalyzed phenol oxidations have been studied extensively by a number of 
research groups. Most of the studies are especially important for elucidation of the 
mechanism. Only a few phenol oxidations are selective enough for preparative purposes. The 
number of reaction possibilities in phenol oxidation depending on the substituent pattern can 
be illustrated by the following set of reaction products obtained in the oxidation of 2,6-di-/- 
butyl-4-methylphenol in methanol 29 : 



Exceptional selectivity is found in the oxidative coupling of 2,6-disubstituted phenols, which 
give, depending on the size of the substituent groups, either poly-2,6-di-substituted-l,4- 
phenylene ethers (C-O coupling) or 3,3,5,5-tetrasubstituted diphenoquinones. 2 



Another example of highly selective Cu-amine catalyzed oxidation is the synthesis of 
benzoquinones and hydroxylated benzoquinones starting from the corresponding hydro- 
quinones. When /-butyl hydroquinone is oxidized using Cu(I)Cl-pyridine as a catalyst, /- 
butyl-p-benzoquinone is formed in high yield, whereas 2-/-butyl-6-hydroxy-p-benzoquinone 
is formed quantitatively when the oxidation of /-butyl-hydroquinone is carried out in 
the presence of Cu(I)Cl-secondary amine such as morpholine, piperidine, 2,6- 
dimethylpiperidine, and dipropylamine. 30 

An important factor determining selectivity in phenol dehydrogenation is the stability of 
the phenoxy radicals involved (see Section 2). Oxygenated by-products may result from 
phenoxyradical-0 2 reactions. The oxidation of 2.6-diphenyl-4-methoxyphenol, however, 
passes through an oxygen stable radical giving the corresponding ketal dimer in almost 
quantitative yield. 8 



OCH, 
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3.1.3. Activated Methine Compounds 

Catalytic oxidative C-C coupling of compounds R,R 2 R 3 CH with Cu-amine-0 2 
systems is limited to groups R,-R 3 which enable the substrate to complex with the Cu 
catalyst. A first example in this field is the oxidative coupling of diphenyiacetonitrile using 
CuBr 2 -piperidine as a catalyst. 31 A high yield (95%) of tetraphenylsuccinonitrile was 
obtained. An extensive study of the scope and limitations of Cu-amine catalyzed oxidations 
of activated methine compounds has been rri.de which resulted in exclusive C-C coupling 
depending on the nature of the gr os R,. and R 3 in R,R 2 R 3 CH. Arylcyanoacetic 
esters, acylbenzylcyanides, and aryl noace aides gave high yields of C-C dimers. 3 All 
those activated methine compounds ve groups that can complex with the Cu catalyst. For 
instance, complexing of Cu compounds with nitrile groups is well documented in the 
literature. 33 In this respect it is interesting to note that arylmalonic esters mainly give a slow 
oxygenation to arylglyoxylic esters with the Cu-amine-0 2 system. High yields of C-C 
dimers, however, can be obtained with other oxidants. 33 

CN CN 

R,h O~'t I !~O kR| 

c=o c=o 

! t 

R, R, 

When, however. R, = H the oxidative C-C coupling is accompanied by a fair amount of 
C-para-C coupling, which gives rise to oligomers as depicted below: 


CN 



R: 


Substitution in the para position impedes this polymerization, and high yields (>80%) 
of pure C-C dimers are obtained. 



3.1.4. Miscellaneous 

So far Cu-amine catalyzed oxidations have been described in which dehydrogenation 
predominates. In this section some oxidations are shown where oxygenation occurs, such as 
oxidation of a fl, y-unsaturated ketone, an aldehyde, and some oxidative cleavage reactions. 

In the course of their studies into the copper-catalyzed oxidations of unsaturated car¬ 
bonyl compounds Volger et al. found a simple and rapid synthesis of 3,6-diketo-d 4 -steroids; 
e.g., zf 5 -choiestenone could be converted into d 4 -cholestene-3,6-dione in 75% yield using 
copperacetate-pyridine as a catalyst. 5 




This reaction is not restricted to z) 5 -cholestenone but can be applied to a variety of a, /?- 
and fl, y-unsaturated ketones and aldehydes. In most cases studied so far, oxygen is 
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introduced in the y position. An exception is the copper-amine catalyzed oxidation of 
3-oxobisnor-4-choien-22-ai to progesterone in 90% yield. 34 



It was proven that in this case there was a negligible attack on the a, /3-unsaturated 
ketone in the A-ring. This reaction principle has been applied to oxidative decarbonylations 
of aldehydes such as isobutyraldehyde, 2-phenyl-propionaidehyde, and diphenyiacetaidehyde. 
The corresponding ketones, viz., acetophenone and benzophenone were formed in high yield 
(75%-94%). 

Another interesting application of the copper-amine system is the oxidative cleavage of 
o-phenyienediamine and catechol by Tsuji et al. 

When o-phenylenediamine is oxidized with the Cu-pyndine-O, system cis,cis- 
mucononitrile is formed in high yield (>90%). 4 


CuCL Pyridine ^ = N 

°’ k^CsN 

Other o-phenylenediamine derivatives can be oxidized similarly provided that no elec¬ 
tron-withdrawing group in the benzene ring is present. For instance 4,5-dimethyl- 
o-phenylenediamine gave the corresponding cis,cis-mucononitrile in 95% yield, whereas 
4-nitro-o-phenylenediamine gave no nitrile at all. 

For optimal mucononitrile formation the substrate/Cu ratio should be kept as low 
as possible to avoid an intermolecular reaction of the intermediate copper complex with 
o-phenylenediamine. When catechol is oxidized using the Cu-pyridine complex as a catalyst 
in an alcohol the monoester of cis,cis-muconic acid was formed in high yield (in methanol: 
82%) at room temperature. 35 



a. 


OH 


P 7 , Cu-pyndinc 
ROH 


OH 


j^COOR 

k^COOH 


The effect of substituents proved to be similar to the o-phenylenediamine oxidations. 
Catechols substituted by an electron donating group can be oxidized smoothly to give 
substituted muconates. 4-Methyicatechoi was cleaved to give a mixture of 
monomethylmuconates in 79% yield. Similarly 3-methyicatechol was converted into a 
mixture of monoesters in 81% yield. 

From 4-chlorocatechol a mixture of the corresponding monoester of chioromuconate 
was obtained in 37% yield. Nitrocatechol was not oxidized to muconate. 


3.2. Cobalt-Amine-Catalyzed Oxidations 

Synthetic use of cobalt-amine complexes as catalyst for selective oxidations is much 
more restricted than copper-amine complexes. Salcomine (Bis(salicylidene) 
ethylenediiminocobalt II) is an excellent catalyst for the preparation of p-benzoquinones 
from phenols in almost quantitative yields when the conditions are properly chosen. 8 
Moreover cobalt-amine complexes are used as catalyst for the oxidative cleavage reactions of 
flavones 36 and indoles. 37 
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3.2.1. Phenols 

Phenols are catalytically oxidized to diphenoquinones. polyphenylene ethers, and benzo- 
quinones by proper choice of catalyst, solvent, and starting materials. Using copper-amine 
complexes the main reaction is dehydrogenation, i.e.. diphenoquinone and polyphenylene 
ether formation, whereas cobalt-amine complexes give oxygenated products, e.g., benzo- 
quinones. When 4-alkyl-2.6-di-r-butylphenols are oxidized in the presence of Salcomine. 
quinolideperoxides ( ~ 50%) and p-benzoquinones { — 30%) are formed. 38 However, when 
bis(3-salicylideneaminopropyl) amine cobalt II is used as a catalyst for the oxidation of, e.g., 
4-methyl-2,6-di-/-butylphenol, 2,6-dw-butyl-4-hydroxy-4-methylcyclohexa-2,5-dienone is 
obtained in 96% yield. 39 

p-Unsubstituted phenols give p-benzoquinones in high yield using Salcomine in 
dimethylformamide as a solvent. 8 

In the presence of quarterny ammonium alkoxides, 2,6-di-substituted phenols gave 
3-alkoxy-2,6-disubstituted benzoquinones in high yield using Salcomine as a catalyst in 
alcohols. 40 


3.2.2. Oxidative Cleavage Reactions 

Bis(salicylidene)ethylenediimino cobalt II (Salcomine) catalyzes the oxygenation of 3- 
substituted indoles giving rise to oxidative cleavage of the heterocyclic ring of the indoles 
selectively to give the corresponding o-formylaminoacetophenone derivatives. 37 The same 
procedure can also be applied to 3-hydroxyflavones to give the corresponding depsides. 36 

Both reactions proceed in excellent yields. 


4. EXPERIMENTAL CONSIDERATIONS AND PROCEDURES 


4.1. Copper-Amine Catalysts 

In most cases this catalyst is made in situ by introduction of cuprous chloride and an 
amine in the reaction medium. However, in some cases it can be prepared separately as a 
crystalline material. 


4.1.1. Copper-TMEDA Catalyst 

Cuprous chloride (1 mol) and tetramethylethylenediamine (TMEDA, 2 mol) were 
shaken in 500 ml methanol and 27 ml of water in an oblong flask connected with a gas 
burette for oxygen uptake measurements. A total amount of 0.5 mol of oxygen was con¬ 
sumed within 30 min. The complex was removed by filtration, washed with acetone, and 
dried at 40°C (12 mm). There was obtained 424 g (90%) of purple powder decomposing at 
138-139°C (heated from 120°C). Elemental analysis and molecular weight determinations 
suggest this compound to be [Cu(OH)(TMEDA)] 2 Cl 2 . 41 

Analysis: Calculated for C i2 H J4 C1 2 Cu 2 N 4 0 2 : C,31.4; H.7.38; Cl,15.27; Cu,27.36; 
N.12.06; molecular weight 464.4. Found: C,31.0; H.7.3; Cl,15.2: Cu,27.2; N, 11.9; molecular 
weight (ebullioscopic determination in boiling ethanol), 320 (apparently the complex is 
partly dissociated in boiling ethanol). 

An identical purple copper complex has been prepared according to Wasson et al. by 
addition of four equivalents of TMEDA to a saturated aqueous CuCl 2 solution. 42 The com¬ 
plex showed an identical ir spectrum (KBr) and decomposition point (138-139°C, heated 
from 120°C). Both of the purple complexes can be converted into a hydrous, deep blue 
crystalline complex by dissolution in water followed by precipitation with acetone. The blue 
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complexes both show the same ir spectrum (KBr). visible spectrum (maximum at 625 nm|, 
and decomposition point (142-143'C. after evaporation of the water, heated from 130°C). 

Analysis: Calculated for {[Cu(OH) (TMEDA)] C1.2H,0}„ (blue complex prepared 
from CuC 1,-TMEDA-H 2 0): C.26.87; H,7.89; Cl, 13.22; Cu,23.69; N, 10.44. Found: C.26.6: 
H,7.8; Cl, 13.3; Cu,24.0; N.10.2. 


4.2. Cobalt-Amine Catalysts 

Salcomine (Bis(salicylidenejethvlenediimino Cobalt II). 4i To a solution of saiicyl- 
aidehyde (1.1 mol) in 100 ml of ethanol was added dropwise ethylenediamine (0.55 ml) in 
40 ml of ethanol while stirring at room temperature. Immediately a yellow precipitate was 
formed. After completion stirring was prolonged for 0.5 h at 80°C (reflux). Then the reaction 
product was filtered, washed with cold ethanol, and dried. The Schiff base was obtained in 
96% yield, mp. 125-125.5°C. 

To a solution of the Schiff base (0.5 mol), sodium hydroxide (lmol), and 2.5 g of 
sodium acetate in 1500 ml of boiling water there was added while stirring CoCl,-6H 2 0 
(0.5 ml) in 250 ml of water. The reaction mixture was heated on a water bath and a red- 
brown precipitate was formed. The reaction product was filtered, washed 3 times with 250 ml 
portions of water and 2 times with ethanol, and dried in vacuo at 100°C. The Salcomine was 
obtained in 93% yield. 


4.3. Copper-Amine-Catalyzed Oxidations of Organic Substrates 


4.3.1. Ethynyl Compounds: Symmetrical Oxidative Coupling (Glaser Conditions) 

Dimethyl Docosa-10,12-diynoate . 44 

CH 3 OOC(CH 2 ) 8 -C = CH » CH 3 OOC(CH,) 8 (C = C) 2 (CH 2 ) 8 COOCH 3 

To a solution of cuprous chloride (12.8 g), ammonium chloride (22.4 g), and concen¬ 
trated hydrochloric acid (2 drops) in water (120 ml) was added dropwise with constant stirr¬ 
ing a solution of the ester (9.6 g) in 70 ml ethanol. The mixture was heated to 55-56°C and 
air bubbled through for five hours. The cold mixture was then poured into water and extrac¬ 
ted with ether. The ether layer was filtered to remove insoluble copper salts, washed several 
times with water, dried, and evaporated. The resultant solid was crystallized from ether at 
— 50°C to give pure dimethyl docosa-10,12-diynoate, m.p. 41-42°C, yield 8.0 g, 84%. 

EtOH: 226, 239, and 254 m^(e464, 391, and 229, respectively). 

1 ,l-Butadiynylenedicyclohexanol n (Hay Conditions). 


Oc°. H c„ 


CuCl. TMEDA / V/OH C = 


O, 


v_/ x c=c' 


HrfO 


To a vigorously stirred solution (by means of a Vibromixer stirrer) of 1 g (0.01 mole) of 
cuprous chloride and 1.2 g (0.01 mole) of iV,ACV',jV'-tetramethylethylenediamine in 135 ml of 
acetone was added over a period of 15 min, 25 g (0.20 mole) of 1-ethynylcyclohexanol. The 
temperature rose rapidly to 42°C. After the addition was complete, the reaction was con¬ 
tinued for 20 min, then the acetone was evaporated and there was added 20 ml of water con¬ 
taining 1 ml of concentrated hydrochloric acid. The colorless product was filtered, washed 
with a small amount of water, and dried in vacuo. There was obtained 22.9 g (93% yield) of 
1,1-butadiynylenedicyclohexanol, m.p. 177°C. 
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2 J -Dimethyl-3,5-octadiyne-2.7-diol , 45 

OH OH OH 

H 3 —C —CsCH CuCl pynd,ng , H ,C-C-C = C-C = C-C-CH, 

I ° 3 I I 

CHj CH 3 CH, 

A mixture of 84 g (1 mole) of 2-methyl-3-butyn-2-ol, 20 g (0.25 mole) of pyridine, 1.2 g 
(0.012 mole) of cuprous chloride in 100 ml of methanol was stirred at 35°C for 2.5 h, while 
oxygen was passed through the solution at a rate of 10 liters/h. The oxygen absorption had 
ceased by this time (after 2.5 h) and a total of 7 liters (0.28 mole) of oxygen had been absor¬ 
bed. The mixture was poured into 400 ml of a saturated ammonium chloride solution and 
extracted with ether. The extract was washed with a sodium carbonate solution, dried over 
magnesium sulfate, and evaporated to dryness. The crude diol (77 g) was crystallized from 
1200 ml of benzene to afford 75 g (90% yield) of 2,7-dimethyl-3,5-octadiyne-2,7 diol, m.p 
127-129°C. 

1,4 Di(l'-l',2'-carboranyl)butadiyne . 46 

HC —C —C = CH CuC1 - ™j - P A -. HC —C —(CsC)i —C —CH 

\o/ 01 \0/ \o/ 

B 10 H 10 Bk>H|o BioHio 

To a solution of 0.5 ml (3.9 mmol) of A',A',A r ,A"-tetramethylethylenediamine in 12 ml of 
acetone was added 1.0 g (10 mmol) of cuprous chloride while stirring, which was continued 
for 1 min. The resulting blue-green solution was decanted, the remaining solid was washed 
once with 5 ml of acetone, and the combined acetone fractions were diluted with an 
additional 10 ml of acetone and added to a 100-ml three-necked round-bottom flask equip¬ 
ped with a stirrer, reflux condenser, and a dropping funnel containing a solution of 2.14 g 
(12.7 mmol) of ethynylcarborane in 25 ml of acetone. A rapid stream of 0 2 was bubbled 
through the solution as the ethynylcarborane solution was added dropwise over a period of 
30 min. Oxygen was bubbled through the reaction mixture for an additional 2 h and then the 
contents of the flask was poured into 100 ml of ice-cold 3 N hydrochloric acid and extracted 
with four 100 ml portions of pentane. The pentane extracts were combined, dried over 
anhydrous magnesium sulfate, and evaporated to dryness. The resulting brown solid was 
chromatographed on a 1 x 10-in. silicagel column and eluted with hexane to afford 1.10 g 
(52% yield) of a white product, m.p. 315-317°C (dec). 

Analysis: Calculated for B, 0 C g H^-,: B.64.69; C,28.72; H.6.58. Found: B,64.84. C.28.92; 
H,6.24. 

4.3.2. Ethynyl Compounds: Unsymmetrical Oxidative Coupling (Hay Conditions) 

Ethyl N-acetyl-2-amino- 7-( trimethylsilyl) - 4,6-heptadiynoate . 26 

O CH,CsCH 

li I 

H 3 CCNHCHCOOC , H 5 + (CH 3 ) 3 SiC = CH 


CuCl.TMEDA 


O CH 2 (C = C) 2 Si(CH 3 ) 3 


HjCCNHCHCOOC 2 H 5 
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To a solution of 1.54 g of (trimethylsilyl(acetylene (15.6 mmol) and 1.0 g of dl-N- 
acetylpropargylglycine (5.46 mmol) in 25 ml of acetone was added 5 ml of a solution of 
cuprouschloride and ,'V, f V,A r ,,Y'-tetramethyiethyienediamine in acetone, prepared by the 
process of Eastmond et al . 47 The green solution was stirred vigorously for 20 h. while a thin 
stream of air was passed into it. The reaction mixture was poured onto ice and 2 N sulfuric 
acid and extracted twice with ethyl acetate. The ethyl acetate solution was washed with 
water, dried over anhydrous potassium carbonate, and evaporated to give 2.85 g of crude 
product mixture. This mixture was dissolved in a minimum amount of chloroform 
and chromatographed on silica gel 60 (E. Merck column, size B prepacked). The column 
was eluted first with hexane then with hexane-ethylacetate (1:1, v/v), followed by hexane- 
ethyl acetate (1:3, v/v). The by-product bis(trimethylsilyl) butadiyne was obtained first, 
1.0 g, m.p. 108-109°C, followed by the protected amino acid, 0.85 g (57%) as a light 
oil. It was crystallized from ether-hexane, m.p. 47-49°C; NMR(CDC1,) 5, 6.5 (d, 1H. NH) 
4.7 (m, 1H. a-H) 4.25 (quartet, 2H, J = l, CH : CH 3 ) 2.85 (d,2H,y=5, 0-CH,) 2.1 ( 5 , 3H, 
CH 3 C = 0) 1.3 (/,3H, / = 7, CH,CH 3 ); IR (CDC1 } ) 3400,2950,2250 (d), 

2120,1740,1670,1500,1380,1340 cm” 1 MS m/e 279.1 (M). 

Analysis: Calculated for C, 4 H 21 N0 3 Si: C.60.16; H.7.58; N.5.01. Found: C.59.81; 
H.7.46; N.4.80. 


4.3.3. Phenols 


3.3'-Di-t-butvl-5,5'-diphenyldiphenoquinone* 


Ph 

rV°H 


CuCI TMEDA 


Ph 


O 


Ph 


Through a vigorously stirred solution of 1.0 g of cuprous chloride, 2.3 g of N,N,N',N'- 
tetramethylethylenediamine and 100 g (0.44 mole) of 2-f-butyl-6-phenylphenol in 500 ml of 
ethanol oxygen was passed. After 2 h, the reaction mixture was filtered and there was 
obtained 85.5 g (86% yield) of 3,3'-di-/-butyl-5,5'-diphenyldiphenoquinone, m.p. 213-214°C. 
Recrystallization from acetic acid gave red crystals, m.p. 214°C. 

Analysis: Calculated for CjjHjtO,: C.85.68; H.7.19. Found: C.85.58; H.7.21. 


t-Butyl-p-benzoquinone. 30 


HO 



OH 


CuCI. pyridine 

o: 


o 



o 


A solution of 10.05 g of /-butylhydroquinone and 0.227 g of CuCI in 40 ml of dry 
pyridine was shaken in an oxygen atmosphere. When no more oxygen was absorbed, the 
reaction mixture was acidified with 6 N HC1. Yellow needles of /-butyl-p-benzoquinone 
precipitated and were filtered off, washed with water and recrystallized from ethanol; m.p. 
59-60°C. Yield 8.95 g (90%). 

2-t-Butyl-6-hydroxy-p-ben:oquinone. vl 


HO 


OH 


CuCI. O, 


OH 


A solution of 5.0 g of /-butylhydroquinone and 0.113 g of CuCI, 5 ml of morpholine, 
piperidine, 2,6-dimethylpiperidine, or dipropylamine in 30 ml of methanol was shaken in an 
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oxygen atmosphere. The reaction mixture was acidified with 6 N HC1 and yellow crystals of 
2-/-butyl-6-hydroxy-/>-benzoquinone were filtered off, washed with water, dried, and 
recrystallized from heptane, m.p. 128-130°C. Yield 4.9 g (99%1. 

4-Methoxy-2,6-diphenylphenoxyl H 



och 3 


In a solution of 10 g of 4-methoxy-2,6-diphenylphenol, 0.1 g of cuprous chloride and 
0.23 g of A',A',A'',A"-tetramethylethylenediamine in 100 ml of methanol oxygen was 
introduced at 0°C. After 1 h the reaction mixture was transferred to a separatory 
funnel containing 250 ml of toluene. After washing three times within 100 ml portions of 
water and drying over anhydrous potassium carbonate and evaporating the toluene, the 
reaction product was crystalized from hexane. 4-Methoxy-2,6-diphenylphenoxyl was 
obtained as its dimeric quinone acetal, m.p. 158.5-159.2°C (yield 96%). 

Analysis: Calculated for C 38 H 30 O 4 : C,82.9; H,5.3. Found: C.82.8; H.5.6. NMR (CDC1 3 ) 
<5, 7.10-7.80 (m,20H. arom), 6.97 (s, 2H,aliph), 6.45 (s,2H, arom m-H), 3.95 (s.3H, arom, O 
Me), 2.95 (s,3H,aliph O Me). IR (CDC1 3 ) 2830w, 1680s, 1650s and 700scm -1 . 

4.3.4. Activated Me thine Compounds 
Tetraphenylsuccinonitrile. 31 



To a solution of 9.7 g (50 m mole) of diphenylacetonitrile in 150 ml of methanol was 
added a solution of 0.2 g (0.7 m mole) of cuprous bromide in 40 ml of concentrated 
ammonia. The mixture was stirred in an oxygen atmosphere and precipitation of 
tetraphenylsuccinontrile started immediately. When 600ml (25 mmol) of oxygen had been 
absorbed the reaction mixture was acidified and 9 g of tetraphenylsuccinonitrile (yield 94%) 
was collected on a filter and washed with small portions of methanol and ether. The 
tetraphenylsuccinonitrile thus obtained melted at 222-224°C (dec). 

Analysis: Calculated for C 28 H 20 N 2 : C,87.47; H,5.24. Found: C,87.30; H.5.10. 

1,2-Dicarbomethoxy-1,2-dicyano-1,2-di-p-tolylethane. 3 

CN CN CN 

Hj CH0F-C-H -C ^LTmepa , h 3 C-<0hC -ChQ>-CH 3 

COOCH 3 COOCH 3 

COOCH 3 

The oxidation was carried out in a 250-ml oblong double-walled flask with 7.5 g 
(40mmol) of methyl-/>-tolylcyanoacetate in 75 ml of methanol at 50°C with oxygen, using 
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1.0 g (2.2 mmol) of the crystalline CuCl-TMEDA catalyst (vide supra). Upon addition of 
methyi-p-tolylcyanoacetate to the catalyst solution, the color changed from blue to deep pur¬ 
ple. The purple color did not change until the end of the reaction (2 min) and then suddenly 
turned blue again. When shaking was stopped at room temperature, the solution became 
colorless within a few seconds (Cu 1 complex). During the reaction l,2-di-carbomethoxy-l,2- 
dicyano- 1.2-di-p-tolylethane precipitated. The reaction mixture was acidified with 5 ml of 
2 N HC1 and filtered and the product was washed twice with 10 ml of water and 10 ml of 
cold methanol. There was obtained 6.93 g (92%) of l,2-dicarbomethoxy-l,2-dicyano-l,2-di- 
p-tolylethane, m.p. 217.5-219.1°C. Addition of 100 ml of water to the filtrate followed by 
chloroform extraction afforded a second crop of 0.57 g (7%) of the dimer, m.p. 214-216°C. 
The dimers obtained in these ways both consisted of an approximately 3:2 mixture of meso 
and dl isomers as shown by NMR. 

Analysis: Calculated for C 2: H 20 N : O 4 : C.70.21, H,5.32, N.7.45. Found: C.69.9; H,5.3; 
N.7.7. NMR (CDClj) <5, 3.78 (s',3H‘meso OCH 3 ), 3.92 (s,3H,dlOCH 3 ). 


4.3.5. Miscellaneous 

Oxygenation of a /?, y-unsaturated Ketone. A*-Cholestene-3,6-dione. 5 



Cu 11 acetate. pyndine 
tnethyiamine, O, 



To a homogeneous solution containing 0.1 mmol of cupricacetate, 2.0 ml of pyridine and 
0.5 ml of triethylamine in 7.5 ml of methanol was added a solution of 0.5 mmol of A 5 - 
cholestenone in 20 ml of methanol at 0°C. The absorption of oxygen, which was stirred into 
the solution, was measured by means of a gas burette. Within 10 min 0.5 mmol of oxygen 
was consumed, after which the oxygen absorption stopped completely. The reaction mixture 
was neutralized with dilute nitric acid and d 4 -cholestene-3,6-dione fully precipitated by 
further dilution with water. After recrystallization from methanol 75% of d 4 -choles tene-3,6- 
dione was obtained, m.p. 120-123°C. 


Oxygenation of Branched Aldehydes. Progesterone?* 




Through a rapidly stirring mixture of 150g (0.48 mole) of 3-oxobisnor-4-cholen-22-al, 
30 g (0.27 mol) of 1.4-diazabicyclo [2.2.2] octane (DABCO) as base and 3.9 g of the cupric 
acetate-2,2'-bipyridylcomplex (1:1) in 300 ml of dimethylformamide air was bubbled for 20 h 
at 40°C. After dilution with water 90% of progesterone was obtained. (There was negligible 
attack on the a/(-unsaturated ketone in the A-ring during the reaction.) 
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4.4. Oxidative Cleavage 
Cis.cis- Mucononitrile. 4 


rr 


NH, 


CuCl. pyridine 


NH, 


C = N 
C = N 


Oxygen was introduced into a vigorously stirred solution of 1.98 g (20 mmol) of cuprous 
chloride in 10 ml of pyridine. When the absorption of oxygen started, the color of the 
solution changed from yellow to dark green. When ~ 100 ml of oxygen was consumed the 
absorption ceased (lOmin) and a solution of 1.08 g (lOmmol) of >-phenylenediamine in 
10 ml of pyridine was added slowly. In 10 min 225 ml of oxygen was absorbed at 25°C. Then 
again 1.08 g (10 mmol) of o-phenylenediamine in 10 ml of pyridine was added slowly. This 
procedure was again repeated. After the reaction was over, pyridine was removed in vacuo 
and the residue was extracted with ether and recrystallized to give 2.97 g (95%) of cis.cis- 
mucononitrile, m.p. 128-129°C. 

Monomethyl cis.cis-muconate, 35 

CuCi. pyridine COOC H ; 

CH,OH. O, ke/COOH 

A yellow solution was obtained by mixing 0.79 g (8 mmol) of cuprous chloride, 0.4 ml of 
methanol and 20 ml of pyridine. The mixture was stirred in a flask connected with a gas 
burette containing oxygen. When 50 ml of oxygen was consumed the color of the solution 
turned to dark green. A solution of 0.44 g (4 mmol) of catechol in 20 ml of pyridine was 
added slowly in 2 h with efficient stirring. During the addition 100 ml of oxygen was absor¬ 
bed. After the addition stirring was continued for 1 h. The mixture was concentrated under 
reduced pressure. The residue was dissolved in a mixture of 3 N HC1 and methylene chloride. 
The organic layer was separated and washed with water. Evaporation of the solvent gave 
monomethylmuconate, which was recrystallized from hexane to give 0.51 g of colorless 
needles of monomethyl cw.cis-muconate (82%) m.p. 80-81 °C. 

Analysis: Calculated for C 7 H 8 0 4 : C,53.85; H,5.16. Found: C,53.78; H,5.22. NMR 
(CC1 4 ) 5,12.55 (s, 1H), 8.3-8.65 (m,2H), 6.30-6.35 (m,2H), 4.17 (s,3H). 



4.5. Cobalt-Amine-Catalyzed Oxidations of Organic Substrates 
4.5.1. Phenols: Oxygenation 

2,6-Di-t-butyl-4-hydroxy-4-methylcyclohexa-2,5-dienone} 9 

O 

Co-salprcn 

o, 

H,C OH 

Through a solution of 8 mmol of 2,6-di-/-butyl-p-cresol and 3.6 mmol of di-(3- 
salicylideneaminopropyl) amine cobalt II in 300 ml of methanol oxygen was bubbled at 
room temperature for 20 h. The reaction mixture was then poured into ice water (800 ml). It 
was neutralized by addition of acetic acid and the pale yellow precipitate was collected on a 
filter and thoroughly washed with water and dried. Crystallization from hexane gave 96% of 
2,6-di-r-butyl-4-hydroxy-4-methylcyclohexa-2,5-dienone, m.p. 111-112°C. 



OH 



CH, 
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2,6-Diphenyl-p-benzoquinone. 8 

OH 

Phv^L^Ph 


ph A ph 


o 

To a solution of 50 g (0.2 mole) of 2,6-diphenylphenoi in 100 ml dimethylformamide. 2 g 
(6 mmol) of Salcomine was added and the flask was connected with a gas burette containing 
oxygen and placed on a shaking machine. The reaction was carried out at 40°C. After 3 h the 
oxygen uptake (4.8 liters) was complete. The mixture was poured onto crushed ice (600 ml) 
and 4 N HC1 (30 ml). The red precipitate was filtered and washed three times with 150-ml 
portions of water. The crude 2.6-diphenyl-p-benzoquinone was recrystallized from /i-butanol 
(93%), m.p. 136.2-136.8°C. 


2,6-Diphenyl-3-methoxy-p-benzoquinone. 40 


Ph 


OH 

ir" 


Salcomine. P 2 

(CHO. 0 
n n® och, 



Ph 


O 


Ph 


O 


OCH 3 


The same procedure was followed as in the previous oxidation except for the solvent (in 
this case 500ml of methanol) and the addition of 10.2 ml of a 40% solution of ben- 
zyltrimethylammoniummethoxide in methanol. After the usual working up procedure, 94% 
of 2,6-diphenyl-3-methoxy-p-benzoquinone was obtained, m.p. 142.1-143.3°C. 


4.6. Oxidative Cleavage 


o-Formylaminoacetophenone. 31 



Salcomine 
0 2 . MeOH 


V-CH, 

^NCHO 

H 


Oxygen was bubbled through a solution of 50 mmol of 3-methyiindole and 10 mmol of 
Salcomine in 60 ml of methanol at room temperature. After 5 h the reaction mixture was 
evaporated and chromatographed on a silica gel column to give 70% of o-for- 
mylaminoacetophenone, m.p. 78-79°C. NMR (CDC1 3 ) <>, 6.95-8.80 (m,6H, ArH.NHCHO), 
2.63 (s,3H,COCHj). 


o-Benzoyloxvbenzoic acid. 36 



O 


Oxygen was bubbled through a solution of 25 mmol of 3-hydroxyflavone and 5 mmol of 
Salcomine in 40 ml of dimethylformamide at ambient temperature. After 1 day the mixture 
was diluted with water and extracted with ether. Evaporation gave 97% of o-benzoylbenzoic 
acid, m.p. 130-13 PC. 
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TABLE I. Oxidative Coupling of Acetylenes. 

RC = CH-► R—C = C —C = C —R. Glaser Conditions" 


R—C=CH 

Yield dimer 
(%) 

Comments 

Reference 

HO(CH 2 ) 2 C = H 

87 


49 

CH,CH(OH)C = CH 

94 


49 

HOOCCH=CHChCH 

95 

Acetone, 5°C 

50 

ch 2 =chch 2 c=ch 

86 


51 

HOOC(CH 2 ) 2 C = CH 

99 

0°C 

52 

(CH 3 ) 2 C(OH)C = CH 

99 


53 

HO(CH 2 )jC = CH 

99 


51 

C = CH 

Cl-Q-Cl 

85 

Alcohol water 

16 

's' 

95 

Alcohol water 

16 

CH,CH(OH)(C = C) 2 H 

78 

Alcohol water 

23 

HOOCCfCH 3) = CHC = CH 

82 

Alcohol water 

54 

CH,CH = CHCH(OH)C = CH 

93 


49 

HOCH 2 C(CH,) = CHC = CH 

80 

Alcohol water 

54 

CH 3 CO(CH,) 2 C = CH 

95 


55 

CHj(CH 2 ) 2 CH(OH)C = CH 

92 

Alcohol water 

56 

CH, 

X 

V 

III 

u 

6 

85 

Alcohol water 

16 

HOOCCH=CH(CH 2 ) 2 -C = CH 

99 


57 

X 

u 

X III 

99 


58 

(CH,),C(OH) C(CH,)(OH) C = CH 

80 


59 

CH, COOCH ,CH = C(CH,)C = CH 

95 

Methanol 

60 

CH,COCH(C 2 H 5 ) ch 2 c = ch 

96 


55 

0”c„ 

99 


58 

PhCH(OH) C = CH 

88 


49 

(^NC(CH,),C = CH 

80 

55°C 

61 

CH,OCH 2 C = C(CH 2 ) 4 C^CH 

80 


62 

o-HOOCC,H 4 COOCH,C = CH 

83 

/-BuNH 2 instead 
of NH 3 

63 


“ Standard Glaser conditions, unless otherwise indicated (see Comments). The ethynyl compound is added to a solution 
of cuprous chloride (complex with NH 4 C1) in water (pH 6.5) and the mixture is stirred at room temperature in the 
presence of air or oxygen. The diyne is filtrated or extracted with ether. 
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5. TABULAR SURVEY OF OXIDATIONS OF ORGANIC COMPOUNDS 
CATALYZED BY COPPER- AND COBALT-AMINE COMPLEXES 

An attempt has been made to collect in the following tables examples of oxidation reac¬ 
tions in the presence of copper and cobalt amine complexes published before September 
1984. Certain oxidations in the tables were prepared without the knowledge of optimal 
experimental conditions that is now available; some yields could certainly be improved by 
following one of the newer procedures for certain organic substrates. 


TABLE II. Oxidative Coupling of Acetylenes, 

RC = CH-► R— CsC—C = C — R, Hay Conditions" 



Yield dimer 



X 

u 

III 

o 

1 

o£ 

(%) 

Comments 

Reference 

hoch 2 c=ch 

75 

CuCl-pyridine 

45 

CHjC(OH)(CH,)C = CH 

87 

CuCl-pyridine 

13 

CH,C(OH)(CH,)C=CH 

85 


13 

CH 3 CH = CH - CH(OH) C = CH 

66 

CuCl-pyridine 

45 

CHjCH 2 C(OH)(CH 3 )C = CH 

82 


13 

rv° H 

k^'C = CH 

90 


13 

/ V OH 

V_/*C = CH 

93 


13 

H.C-^C.CH 

98 


27 

n 

III 

n 

X 

97 


27 

C 6 C1 5 C = CH 

84 


64 

X 

u 

III 

u 

79 


27 

cn 

^“N^CsCH 

64 


27 

X 

u 

III 

u 

A 

o z 

50 


27 

Ct^> c - CH 

90 


27 

(CH 3 ) 3 SiC = C-CH=CHC = CH 

70 


65 

HC-C-C=CH 

\°/ 

B to Hio 

52 


46 


" Standard Hay conditions, unless otherwise stated (see Comments). The ethynyl compound is oxidatively coupled with 
oxygen in the presence of cuprous chloride and iV./V.Ar.AT-tetramethyiethylendiamme. 
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TABLE III. Oxidative Coupling of 2.6-Disubstituted Phenols, 


/> 

/ 7 —OH 


R, R, 

0 K >= V / =< >=0 


R 


R : R, 


Q^ oh 

R, 

Yield 
dipheno- 
quinone (% | 

m.p. 

ra 

Comments 

Reference 

R, = R,=CHj 

93 

224 

CuCl-CH 3 CN 

66 

R,=CH 3 ,R, = /-Bu 


217 

CuCl-CHjCN 

66 

Ri = R ; = /-Bu 


246 

CuCl-CH 3 CN 

66 

R, = R, = 1 -Propyl 


225 

CuC1-CH,CN 

66 

r, = ch„r. = c : h 5 


140 

CuCl-CH 3 CN 

66 

R, = R, = OCH 3 


288 

CuC1-CH 3 CN 

66 

R, = R : = Ph 


272 

CuCl-CH,CN 

66 

R, = /-Bu, R. = Ph 

86 

214 

CuCI-TMEDA 

48 


TABLE IV. Oxidative Coupling of Activated Methine Compounds," 


R, 


R.-C-H 

I 


CuCI-TMEDA 

o] 


r 2 r, 

1 r 

R.-C-C-R, 

I I 

r 3 r 3 


r 2 


R.-C-H 

1 

Yield 

dimer 




R, 

(%) 

m.p. (°C) 

Comments 

Reference 

R, = R, = Ph, R, = CN 

94 

222-224(dec) 

CuBr, NH, 

31 

R, = Ph. R : = COOCH,. R, = CN 

84 

147-152'’ 


3 

R, = Ph. R, = COOC,H 5 . R, = CN 

60 

117-123'’ 


3 

R, = p-CH,Ph. R, = COOCH 3 , R, = CN 

99 

216.5-218'’ 


3 

R, = p-CIPh, R : = COOCH 3 , R 3 = CN 

91 

207-213* 


3 

R, = p-CH, OPh, R, = COOCH,. R 3 = CN 

87 

195-196'’ 


3 

R, = p-NOjPh, R, = COOCH,, R 3 = CN 

49 

220-226'’ 


3 

R, = Ph, R. = COCHj, R 3 = CN 

79 

174.5-177* 


3 

R, = p-CH 3 Ph, R, = COCH 3 . R 3 = CN 

83 

168-181* 


3 

R, = Ph, R, = COPh, R, = CN 

68 

205-206.5* 


3 

R, = p-CH 3 Ph, R, = CONH 2 , R 3 = CN 

74 

218-220* 


3 

R, = p-CH j Ph, R, = CONHCH 3 , R = CN 

68 

192.5-193.5* 


3 

R,=p-CH<Ph, R, = CON^>, R, = CN 

41 

231-232* 


3 


** Yields are related to the procedure, where the oxidative coupling is carried out with oxygen in methanol using 
CutOH) Cl-TMEDA as a catalyst (except for example 1). 
h All dimers were obtained as a mixture of two diastereoisomers. 
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TABLE V. Oxidative Cleavage of o-Phenyienediamines and Catechols, 



a NH; - 

CuCI. pyndine ^ 

s CsN 




°. ' 






Yield of 






corresponding 






cir.cis-mucono 


m.p. 


o-Phenylenediamine 


nitrile (%) 


(°C) 

Reference 

o- Phenyienediamine 


95 


128-129 

4 

4-Methoxy-o-phenylenediamine 


75 


115-117 

4 

4,5-Dimethyl-o-phenylenediamine 

95 


106-108 

4 

4-N itro-o-phenylenediamine 


0 


— 

4 

1,2-Diaminonaphthalene 


72 


68.5-69.5 

4 


a OH ■ 

^OH 

CuCl pyndtoe c 

^COOR 




O,. ROH In. 

/COOH 





Yield of 






corresponding 

as.cis-muconate 


m.p. 


Alcohol (ROH) 


(%) 


(°C) 

Reference 

CHjOH 


82 


80 

35 

C 2 H,OH 


59 


102 

35 

m-C,H 7 OH 


45 


74 

35 

/-CjH 7 OH 


7 


— 

35 

i-C 4 H,OH 


0 


— 

35 


TABLE VI. Oxygenation of Phenols to Benzoquinones, 


R: 

DMF 

X Rj 



Yield of 
benzo- 
quinone 

m.p. 


Phenol 

(%) 

(°C) Comments 

Reference 

R, = R, = CH, X = H 

88 

73 

67 

R i = R, = /-Bu X = H 

83 

6fr-67 

8 

R t — R, = Ph X = H 

86 

136 

8 

R, = R, = OCHj X = H 

91 

252 

8 

R, =OCH,. R 7 = CH 2 CH 2 OCH 2 Ph X = H 

78 

71-72 

9 

R, =OCH„ R 2 = CH(OCH,) 2 X = H 

91 

86-87 

68 

R, = (-Bu. R, = Ph X = H 

89 

38 

67 

R, = R, = Ph X = OCH 

, 94 

143 In the presence 

of trimethyl- 
benzylammonium 
methoxide 

40 
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Ruthenium Tetroxide Oxidations 


John L. Courtney 


1. INTRODUCTION 

The availability of a wide variety of selective reagents is important to the success of organic 
synthetic projects. Consequently, the search for new and more selective reagents is a never- 
ending process. 

Osmium tetroxide’s reactivity with organic compounds has been known since 1912 1 and 
its usefulness as a reagent has been well established since Criegee's 2 investigations in 1936. 
Since ruthenium and osmium are members of the same group of the Periodic Table the study 
of ruthenium tetroxide and its relationship to osmium tetroxide was obviously a worthwhile 
undertaking. Djerassi and Engle’s 3 investigations were prompted by the desire to find a 
replacement for osmium tetroxide which is not only expensive but also very poisonous and 
dangerous to the eyes. It should be noted that very little is known about the toxicity of 
ruthenium tetroxide but it is regarded as being moderately dangerous. 4 

Ruthenium tetroxide and osmium tetroxide, as is to be expected, have very similar 
physical properties. 5 Both are low-melting, crystalline, volatile solids and both are extremely 
soluble in carbon tetrachloride. However, their chemical reactivities are markedly different. 
Whereas the usefulness of osmium tetroxide in organic chemistry is confined to its ability to 
react with olefins and ultimately produce uic-glycols. ruthenium tetroxide is a much more 
vigorous and versatile oxidant. Thus ruthenium tetroxide has been used to oxidize alcohols 
into ketones or aldehydes, aldehydes into acids, ethers into esters or lactones, amides into 
imides. and olefins into aldehydes and ketones. 6 It is also capable of reacting with and 
degrading aromatic systems. Other virtues of this reagent are that it may be used in neutral 
conditions and that it is capable of oxidizing sterically hindered groups where other oxidizing 
agents have been ineffective. 
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2. THE MECHANISM OF RUTHENIUM TETROXIDE OXIDATIONS 

In view of the versatility and usefulness of ruthenium tetroxide it is surprising that there 
has not been a great deal of research into the mechanism of its reactions. It has been 
proposed that this multipurpose oxidant may undergo reactions involving free radicals or 
ions and in some cases radical ions. 


2.1. Ionic Reactions 


2.1.1. Oxidation of Alcohols 

Kinetic studies of the oxidation of 2-propanol by ruthenium tetroxide in aqueous 
perchloric acid solutions have revealed that different mechanisms operate at different levels of 
acidity. 7 In moderately acidic solutions (1-6.5 A/HC10 4 ) the rate-determining step involves 
hydride abstraction, while at higher concentrations the rate-determining step involves car- 
bonium ion formation. The strongly acidic conditions used (9-10.5 M HC10 4 ) would not 
normally be used in preparative chemistry so the results in these conditions are only of 
academic interest. 

The mechanism proposed to account for the initial transfer of a hydride ion is 

OH OH 

I I 

R-CH-R' + Ru0 4 -• R-C-R' + HRu0 4 - 

OH O 

I I! 

R-C-R +HRu0 4 --* R-C-R + H ; Ru0 4 

+ 


The possibility that free radicals are involved was eliminated by the application of Rocek’s 
criterion. Rocek and his co-workers 8 ' 11 have shown that the oxidation of cyclobutanol can 
be used to determine whether the reagent acts as a one-electron or a two-electron oxidant. 
Thus two-electron oxidants convert cyclobutanol entirely into cyclobutanone where one-elec¬ 
tron oxidants give rise to acyclic four-carbon compounds which appear to be derived from a 
primary free radical. 


Cyclobutanol 


one-clectron 

oxidants 


•CH ; —CH : — CH ; —CHO 


The only detectable product obtained by the oxidation of cyclobutanol with ruthenium 
tetroxide was cyclobutanone, 17 which indicates that ruthenium tetroxide acts as a two-elec¬ 
tron transfer oxidant. 


2.1.2. Oxidation of Ethers 

The oxidation of acyclic and cyclic aliphatic ethers to the corresponding esters or lac¬ 
tones is most effectively accomplished by the use of ruthenium tetroxide. A kinetic study of 
the oxidation of tetrahydrofuran by ruthenium tetroxide in aqueous perchloric acid solutions 
led Lee and van den Engh 13 to propose a mechanism for the reaction. They found that the 
rate of reaction is directly dependent on the concentration of the oxidant and reductant but 
inversely dependent on the acidity of the medium. These results were considered to be con¬ 
sistent with a mechanism involving the transfer of a hydride ion to the oxidant in the rate¬ 
determining step. The fact that the rates of oxidation of tetrahydrofuran and 2-propanol in 
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SCHEME 1 


rv H 

0 

+ 0=-Ru=0 s,ow 

II 


°\ S° 

+ Ru 

/ \ 


0 


HO 0 

fast i 

V 

& 

70 

1 

O-o 

+ H 2 Ru0 3 


0 OH 



similar conditions are comparable and that the activation parameters of the two reactions 
are almost identical lends support to the idea that both reactions involve hydride transfers. 
The proposed mechanism is shown in Scheme 1. 

2.1.3. Oxidation of N 6 ,^-Dialkyl Adenosines 

Endo and Zemlicka' 4 oxidized a number of /V 6 ,/V 6 -dialkyl adenosines and showed that 
only one of the alkyl groups was converted to an amido derivative. On the basis of 
mechanisms proposed for the oxidation of alcohols and ethers by ruthenium tetroxide 713 
Endo and 2emlicka suggest that the mechanism in scheme 2 prevails. 


2.1.4. Oxidation of Naphthalenes 

The oxidation of naphthalenes into the corresponding phthalic acids has been shown 
not to involve free radicals by ESR spectrometry. Kinetic studies 15 reveal that two processes 
occur; the first is a rapid second-order reaction yielding a ruthenium (VI) moiety and the 
second reaction is a slower first-order decomposition of this intermediate. The mechanism 
proposed for these oxidations is shown in Scheme 3. 

Support for this mechanism was obtained in the following way: The reaction is an elec¬ 
trophilic aromatic substitution similar to sulfonation of aromatic compounds by sulfur 
trioxide. The activation parameters for the sulfonation of a variety of aromatic compounds in 
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oleum were compared with the activation parameters of the reaction between ruthenium 
tetroxide and naphthalene and found to be similar. 


2.2. Reactions Involving Free Radicals 


2.2.1. Oxidation of Chlorophenols and Arylfurans 

These reactions have been shown to proceed via free radical intermediates. 16 Evidence 
for this is based on ESR spectroscopy and on the nature of the products formed. Thus 
sodium 2,6-dichlorophenoxide (1) is oxidized in aqueous solution to 2,6-dichlorobenzo- 
quinone (2), but in acetone solution it is converted into 3,3',5,5'-tetrachloro-4,4- 
dihydroxybiphenyl (3). When arylfurans are oxicEzed with ruthenium tetroxide in a two- 



phase system of chloroform or carbon tetrachloride and aqueous hypochlorite the organic 
solvent participates in the reaction sequence. Thus either a chlorine atom or a trichlormethyl 
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radical becomes captured. See Scheme 4. It has been proposed that these oxidation products 
are formed through the intermediacy of a radical cation (4). 





4 


2.2.2. Oxidation of Alkenes 

A kinetic study of the oxidation of a series of substituted methyl cinnamates indicated 
that the reaction proceeded in two distinct steps. 17 The first step involves the formation of a 
cyclic ruthenium (VI) diester intermediate, which is formed via a radical cation- 
perruthenium transition state. The cyclic ruthenium diester intermediate is analogous to that 
formed in osmium tetroxide oxidations but differs in the fact that it is too unstable to ever be 
isolated from the reaction. It should be noted that on occasions the cyclic osmate esters may 
react similarly and break down to give the corresponding carbonyl compounds. 

The second step in the oxidation was found to be a slower first-order reaction which is 
compatible with the decomposition of a cyclic ruthenium diester intermediate into ruthenium 
dioxide and two carbonyl compounds. The proposed mechanism is illustrated in Scheme 5. 


2.2.3. Oxidation of Cycloalkanes 

Oxidation of cycloalkanes by ruthenium tetroxide affords the corresponding ketone plus 
the dicarboxylic acid resulting from ring fission. 18 The rates of oxidation of various 
cycloalkanes by ruthenium tetroxide. permanganate ion, and by hexavalent chromium have 
been compared and been found to be similar. On this basis it is suggested that the 
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mechanisms of oxidation for all three oxidants are similar. Moreover, it was assumed that 
these reactions are free radical in nature because the rates of acetolvsis of tosvlates of the 
corresponding cycloalkanols (reactions involving carbonium ion intermediates) are quite dif¬ 
ferent with respect to the oxidation rates. 


3. SCOPE AND LIMITATIONS 
3.1. Oxidation of Alcohols 

Ruthenium tetroxide effectively oxidizes primary alcohols to aldehydes and acids and 
secondary alcohols to ketones. The preparation of aldehydes from primary aliphatic alcohols 
is usually not practical since aldehydes are rapidly oxidized further to the corresponding 
acids. Thus it is not possible to convert I-hexanol into hexanal, only hexanoic acid being for¬ 
med even when an excess of the alcohol is present. Lower molecular weight primary alcohols 
are oxidized to the corresponding acids in quantitative yields in a solution of periodic and 
sulfuric acids containing ruthenium salts. However, despite the difficulty of preparing 
aldehydes from alcohols, Berkowitz and Rylander 19 reported the conversion of benzyl 
alcohol into benzaldehvde in 90% yield. This is especially interesting since benzene is repor¬ 
ted to explode on contact with ruthenium tetroxide. 3 Obviously, the hydroxyl group reacts 
more rapidly than the aromatic system. 

Although there are many oxidants capable of oxidizing secondary alcohols to ketones, 
ruthenium tetroxide has been found to be more effective in cases where the substrate is fairly 
labile. Thus the oxidation of cyclobutanols to cyclobutanones is much more efficiently 
carried out by ruthenium tetroxide than by other oxidizing agents. Caputo and Fuchs 20 used 
the catalytic two-phase method and oxidized ethyl 3-hydroxycyclobutane carboxylate to 
ethyl 3-ketocvclobutane carboxylate in 78% yield. 

Berkowitz and Rylander 19 found that ruthenium tetroxide converts 1,2-cyclohexanediol 
into 1,2-cyclohexanedione or 2-hydroxycyciohexanone and menthol is smoothly oxidized to 
menthone. Deuterated norborneol was oxidized to deuterated norcamphor using 
fluorotrichloromethane as the solvent. 21 

Steroidal alcohols on reaction with ruthenium tetroxide readily give the corresponding 
ketones. In the preliminary work with this reagent 3/?-cholestanol was oxidized to 3- 
cholestanone. Nakata 22 specifically studied the oxidation of steroidal alcohols by ruthenium 
tetroxide. Using both the noncatalytic and catalytic methods the alcohols give the 
corresponding ketones in almost quantitative yields. Thus 5tx-androstan-3a-ol-17-one is 
oxidized to 5oc-androstan-3,17-dione: 5a-pregnane-3/?,20/?-diol is converted into 5a-pregnane- 
3.20-dione. and cholestan-3/?-acetoxy-6/I-ol gives cholestan-3/J-acetoxy-6-one. 5a-Androstan- 
3-ol-17-one is oxidized to the corresponding 3,17-dione by a slight excess of sodium 
metaperiodate in the presence of small amounts of ruthenium dioxide. The catalytic method 
effects the conversion of cholestan-3/f-acetoxy-5a,6/J-diol into cholestan-3/I-acetoxy-5a-ol-6- 
one. 

Replacement of the sodium metaperiodate with lead tetraacetate and the carbon 
tetrachloride with glacial acetic acid allows the ruthenium tetroxide oxidation to be carried 
out in homogeneous conditions. Cholestanol is slowly oxidized to cholestanone in relatively 
low yield under these conditions. If more vigorous conditions are employed, such as higher 
temperatures, undesired by-products are formed. 22 

A long-standing need in carbohydrate chemistry has been for an oxidant which will con¬ 
vert glycoside derivatives into glycopyranosiduloses in high yield under mild conditions. 
Beynon and co-workers 23 ' 24 found ruthenium tetroxide has several advantages over 
Cr0 3 -pyridine as an oxidant for secondary hydroxyl groups in monosaccharide derivatives. 
Difficulty is often encountered in the conversion of the hindered free 3-hvdroxyl group of 
various sugar derivatives into a keto function. Whereas many of the more common oxidizing 
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agents often fail to react, ruthenium tetroxide generally gives good yields of the desired 
product. 2325 

Partially benzoylated. benzylidenated, or isopropylidenated methyl glycosides are con¬ 
verted into methyl glycopyranosiduloses, and furanoid derivatives are also oxidized by 
ruthenium tetroxide. The glycosidic linkage is untouched by the reagent and axial or 
equatorial hydroxyl groups are oxidized with equal ease. Among the many examples of car¬ 
bohydrate oxidations is the conversion of methyl 4,6-0-benzylidene-2-deoxy-a-o-lyxo- 
hexopyranoside (5) into methyl 4.6-0-benzylidene-2-deoxy-a-D-threo-3-hexulopyranoside 
(6). 24 When Cr0 3 -pyridine is used as the oxidizing agent methanol is also eliminated to give 
the pyranodioxin (7) as the major product. Generally yields of 6 are better when ruthenium 





tetroxide is employed. The usefulness of ruthenium tetroxide for the oxidation of hydroxyl 
groups on furanoid rings is well illustrated by the preparation of l,2:5,6-di-0-isopropylidene- 
a-D-ribohexofuranos-3-ulose (9) in 80% yield from the corresponding di-O-isopropylidene-D- 
glucofuranose (8). 24 




8 
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However, the course of ruthenium tetroxide oxidations of carbohydrate derivatives 
should be carefully monitored since excessive reagent and prolonged reaction times have led 
to the production of lactones (see oxygen insertion reactions). Ruthenium tetroxide has 
proved to be successful in some cases where all the standard methods of oxidation have 
failed. Thus, in the oxidation of the hydroxy-lactone 10 standard oxidizing procedures were 
unsuccessful, whereas ruthenium tetroxide readily effected the transformation. 26 

The oxidation of tertiary alcohols can proceed only via carbon-carbon bond cleavage or 
via dehydration. Unlike chromic acid, ruthenium tetroxide is unable to dehydrate tertiary 
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alcohols with an adjacent methine group. Thus the tertiary 52-hvdroxyl group in choiestan- 
3/Tacetoxy-5a. 6/J-diol is unaffected by ruthenium tetroxide. 22 

The conversion of y- and <5-lactones to the corresponding keto-acids via the hydroxy 
acids has been investigated by Gopai and his collaborators. 2 ' Hydrolysis of y- and d-lactones 
followed by oxidation with KMn0 4 or chromic acid usually results in low yields of the keto- 
acid. However, ruthenium tetroxide readily converts aqueous alkaline solutions of the 
corresponding hydroxy acids into the keto-acids in high yields. Thus the lactone 11 was con¬ 
verted into the keto-acid 12 in 97% yield. 



3.2. Oxidation of Aldehydes 

Aldehydes are rapidly oxidized to acids by ruthenium tetroxide. 19 Thus heptaldehyde 
gives heptanoic acid and benzaldehyde gives benzoic acid without any difficulty. On very 
rare occasions, particularly in triterpenes, cases of "nonoxidizabie" aldehydes are encoun¬ 
tered. Thus the aldehyde 13 could not be oxidized by any of the standard procedures, but it 
was slowly converted into the acid by ruthenium tetroxide. 28 



3.3. Oxidation of Ethers 

A novel reaction of ruthenium tetroxide is its ability to oxidize ethers to esters. Djerassi 
and Engle, 3 while searching for a suitable solvent for the reagent, found that it reacted 
violently with diethyl ether. Berkowitz and Rylander 19 achieved a quantitative conversion of 
tetrahydrofuran into butyrolactone and n-butyl ether into butyl butyrate. Attempts to carry 
the oxidation of esters further to give anhydrides were unsuccessful. Unlike the a-methylene 
group of ethers, the methylene adjacent to the alkyl oxygen in esters is unreactive toward 
ruthenium tetroxide. For the oxidation of ethers to occur there must be at least one methyl 
or a methylene group adjacent to the oxygen. Even if the adjacent methylene is sterically hin¬ 
dered oxidation can still occur. Thus ruthenium tetroxide is able to oxidize sterically hin¬ 
dered groups that are unreactive toward other oxidizing agents. A synthesis of aldosterone 
from an alkaloid precursor by Wolff and co-workers 29 requires the oxidation of the ether 
20.21-dihdyroxy-l l/f,18-epoxy-5a-pregnan-3-one diacetate (14) to form 3-oxo-l 1/1,20,21 - 
trihydroxy-5a-pregnan-18-oic acid 11-18-lactone 20.21-diacetate (15). While chromic acid 
oxidation of the ether 14 gave only trace amounts of the lactone, ruthenium tetroxide reacted 
slowly but furnished the desired intermediate in higher yields. 
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Another example of the potency of ruthenium tetroxide is that it will convert the ether 
16 into the lactone 17, whereas chromic acid oxidation is ineffective." 8 In a study of the 
oxidation of simple ethers by ruthenium tetroxide. Smith and Scarborough 283 prepared not 
only ethers or lactones but also substantial amounts of the carboxylic acids resulting from 
the hydrolysis of intermediates. Such hydrolysis products are barely detectable when the new 
acetonitrile modification method 57 is employed. 

The ruthenium tetroxide oxidation of 3a-5a-cyclocholestan-6/J-yl methyl and ethyl 
ethers 28 ” afforded the formate and acetate esters respectively plus some of the 6-oxo-com- 
pound. 

It is interesting to note that although methylenes adjacent to an ether oxygen are 
oxidized by ruthenium tetroxide, methylene groups adjacent to the oxygen atoms of 
isopropylidine or benzylidine protecting groups [see 5 and 8] are unaffected by this reagent. 
However, cyclic acetals have been converted by ruthenium tetroxide into keto-acids. 28c 






3.4. Oxidation of Amines, Amides, and Nitrogen Heterocyclic Compounds 

By analogy with the oxidation of ethers, secondary amines might be expected to react 
with ruthenium tetroxide to give substituted amides. On treating triamylamine, diethylamine, 
and piperidine with ruthenium tetroxide, Berkowitz and Rylander 19 obtained intractable 
products. In each case the reaction mixture had an infrared spectrum indicating the presence 
of an amide, but no pure oxidation products could be obtained. 

In contrast to esters which are unreactive to ruthenium tetroxide, substituted amides are 
oxidized to imides by this reagent. 19 Thus, butyrolactam is converted in good yield into suc- 
cinimide, and iV-hexylheptamide is oxidized to the corresponding imide. This oxidation of 
amides provides a new degradative tool in the chemistry of nitrogenous organic compounds. 

Although Djerassi and Engle’s 3 investigations revealed that ruthenium tetroxide reacted 
violently with pyridine, the oxidation of some nitrogen heterocyclic compounds has proved 
successful. Thus the tetrahydro-1,4-benzodiazepine (18) is converted into the corresponding 
dihydro derivative 19 in 43% yield by a solution of ruthenium tetroxide in chloroform. The 
dihydro derivative is oxidized further by ruthenium tetroxide to the derivative 20. The 
dehydrogenation of 18 to form 19 constitutes another variation in ruthenium tetroxide 
oxidations. Thus instead of converting a methylene group adjacent to the NH function into a 
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carbonyl group as happens when 19 is oxidized to 20. a cyclic imine is formed. Conceivably, 
the doubly benzylic methine adjacent to the NH function is first oxidized and the product is 
converted into compound 19. Oxidation of the compound 21 also affords 20 plus a 
quinazoline 22. The formation of the quinazoime proceeds via the oxidation of 20 or 21 to 
the dione 23, which loses a carbon atom and undergoes a ring contraction to give the 
quinazoline 22. 30 




Endo and 2emlicka 14 have shown that ruthenium tetroxide is a remarkably selective 
oxidizing agent toward A - *. ,V 6 -dialkyl-2',3',5'-tn-0-acyladenosines (24a-24d). Thus only the 
monoamido compounds (25a-25d) were formed and no diamido (imido) compounds were 
detected in the reaction. This is an important reaction because hydrolysis of the amido com¬ 
pound results in an overall A-monodealkylation. The yields of the oxidation products 
(amido compounds! varied depending on the nature of the groups attached to the A' 6 



24a: R' = Ac, R 2 = R 3 = CH, 
24b: R' = Bz, R 2 = R 3 = CH, 
24c : R' = Ac. R 2 = R 3 = Et 
24d: R' = Bz, R 2 = R 3 = Et 




25a:R=Ac, R 2 = CH,R 4 = H 
25b: R' = Bz, R 2 = CH,R 4 = H 
25c: R =Ac. R 2 = Et = R 4 = CH, 
25d: R =Bz. R 2 = EtR 4 = CHj 
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position. Thus A' 6 ,.V 6 -dibenzyl derivatives gave only 2% of the desired oxidation product, 
presumably because the phenyl groups were rapidly oxidized by ruthenium tetroxide. The 
oxidation of aromatic rings is noted elsewhere in this chapter. However, /'/ < ’,.V 6 -dimethyI- 
2',3',5'-tri-0-acetyladenosine gave the iV*-formyl-/V 6 -methyl derivative in 72% yield. The lack 
of reactivity of the pyrimidine portion of the purine system to ruthenium tetroxide is ascribed 
to the strongly electronegative characteristics of the pyrimidine ring. The pyrrolidino and 
piperidino derivatives (26a, 26b) gave, on oxidation with ruthenium tetroxide, the 
corresponding lactams (27a and 27b) in 26% and 15% yield, respectively. The oxidation of 




26a:n=4 
26b: n = 5 


27a: n = 3 
27b: n = 4 


jV-acyl cyclic amines with varying ring sizes and acyl groups has been shown to produce 
either lactams or imides. 31 The formation of imides occurred when a two-phase system 
(“catalytic”) was employed with methyloxalyl and trifluoroacetyl derivatives. When the 
methyloxalyl derivatives were oxidized in a one-phase system the lactams were formed. The 
use of methyloxalyl derivatives was found to be very practical since the methyloxalyl group 
can be readily removed from the lactams by sodium methoxide in methanol. See Scheme 6. 

Ruthenium tetroxide converts 2-substituted-iV-acetyi pyrrolidines and 2-substituted-/V- 
acetyl piperidines to the corresponding lactams with retention of the absolute 
configuration. 32 Thus, ;V-acetyl-2-methylpiperidine (28) is converted into the piperidone (29) 
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cr ch 3 
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Ac 


28 


29 


and R-( + )-/V-acetyl-2-phenyl pyrrolidine (30) gave R-( -t- )-A'-acetyl-5-phenyl-2-pyrrolidone 
(31). This latter result is interesting and somewhat unexpected since phenyl rings are known 
to be readily oxidized by ruthenium tetroxide. 

The absolute configuration of (— )-3-ethylpiperidine was correlated with that of (R)- 
(_ )-a-ethylglutaric acid. 33 This was accomplished by oxidizing (V-ethyl- and /V-benzyl-3- 
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30 31 


ethylpiperidine 32 and 33 with ruthenium tetroxide to yield the corresponding imides 34 and 
35 in 60% yield. Hydrolysis of the imides afforded optically active 2-ethylglutaric acid of 




,c 2 h 5 


0 ' 


: 0 


32: R = C 2 H 5 34:R = C 2 H, 

33: R = PhCH 2 35:R = PhCH 2 


known absolute configuration. The authors commented on the unreactivity of the A'-benzyl 
and the /V-ethyl groups and suggested that the selective oxidation of endocvclic methylenes is 
due to differences in conformational freedom of endo- and exo-cyciic methylene groups. In 
another study of the oxidation of jV-alkyl nitrogen heterocyclic compounds, Bettoni, Tor- 
torella, and co-workers 33-1 again observed that endocvclic methylene groups adjacent to the 
ring nitrogen were more reactive than exocyclic methylenes. 

The oxidation of morpholine derivatives 34 by ruthenium tetroxide is interesting because 
of the possibility of selective reaction adjacent to either the ring oxygen or the ring nitrogen. 
In the cases studied oxidation takes place preferentially on the carbon a- to the nitrogen 
atom. Thus when the A'-benzylmorpholines (36) were oxidized with ruthenium tetroxide 
compounds, 37, 38, 39, and 40 were obtained. Once again, we see an example in which the 
benzene ring is left intact during the reaction. 



The cleavage of enamines by ruthenium tetroxide is claimed to be a convenient general 
process. Thus. Desai. Chawla, and Dev 34a removed an aldehyde group from a compound by 
converting it into an enamine, which was then oxidized by ruthenium tetroxide to a nor 
ketone. 
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3.5. Oxidation of Organic Sulfides 


Unlike ethers, amines, or amides, where the methylene adjacent to the heteroatom is 
oxidized, organic sulfides are oxidized by ruthenium tetroxide at the heteroatom itself. The 
sulfoxide is usually an intermediate of the reaction and this is oxidized further to the sulfone. 
Both aliphatic and aromatic sulfides react with ruthenium tetroxide. Sulfones are formed 
from diphenyl, methyltoiyl, and methylbenzyl sulfides. In androstan-17-one ethylene 
hemithioketal (41), the sulfur atom is oxidized and the corresponding sulfone 42 is formed. 3 




Ruthenium tetroxide converts sulfenylimines (43) into sulfoximines (44) in high yields. 35 
However, when R contains a nondeactivated aromatic ring yields are very low owing to the 
degradation of the ring by the reagent. 
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3.6. Oxygen Insertion Reactions of Ruthenium Tetroxide 

The first observation of an oxygen insertion reaction effected by ruthenium tetroxide 
was made by Nakata.” In order to have homogeneous conditions for the oxidation he 
replaced sodium metaperiodate by lead tetraacetate and carried out the reaction in glacial 
acetic acid at room temperature. Oxidation of cholestanol under these conditions is slow and 
relatively low yields of cholestanone (45) were obtained. When the oxidation was carried out 
at 40°C, 4oxo-A-homo-5a-cholestan-3-one (46) was obtained as the major product. One 
possible rationalization of this result is that the reaction of ruthenium tetroxide and acetic 
acid gives rise to peracetic acid which oxidizes the cholestanone (45), the primary oxidation 
product, to the lactone by a Baeyer-Villiger oxygen insertion reaction. 




The presence of peroxy acids is apparently not essential for this oxygen insertion reac¬ 
tion to occur. Furthermore, the lactones are probably formed by oxidation of the ketones 
which are initially produced. Thus when the carbohydrate derivatives 47a and 47b were reac¬ 
ted with a solution of ruthenium tetroxide in carbon tetrachloride, the free hydroxyl groups 
were oxidized and the products isolated after a few hours were the ketones 48a and 48b. 
However, when the reaction was worked up after 48 h the lactones 49a and 49b were 
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47b:CH,0-CH, 
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49a:R = PhCO,CH 2 - 
49b: R = CH,0'-CH, 

y i ‘ 

CHjO —CH 



48a:R = PHCO,CH,- 
48b: R = CH,0-CH 2 

y i 

CHjO-CH 

i 



obtained. 36 These lactones represent a new class of carbohydrate derivatives and the oxygen 
insertion reaction is reported to be a new reaction of ruthenium tetroxide. 


3.7. Oxidation of Carbon-Carbon Double Bonds 

The cleavage of olefinic bonds is an important preparative and degradative process. One 
of the best known procedures (apart from ozonolysis) involves the oxidation of the olefin by 
osmium tetroxide to a vie diol via an isolabie intermediate osmate ester 50, 6 The glycol is 
subsequently cleaved by either lead tetraacetate or periodic acid to give carbonyl com¬ 
pounds. In some instances osmium tetroxide cleaves the olefin directly to give the carbonyl 
compounds. Presumably, the osmate ester 50 is first formed and this breaks down as shown. 


2>C—0 
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HO OH 


Ruthenium tetroxide almost invariably cleaves carbon-carbon double bonds to give car¬ 
bonyl compounds directly. Thus cyclohexene and 1-octene were converted by ruthenium 
tetroxide into adipaldehyde and heptaldehyde, respectively. 19 

Grisen-3-ones (52) are formed from 3-alkylidene grisens (51) by ruthenium tetroxide 
cleavage of the hindered double bond at C3. 37 The reaction seems general though its 
efficiency is markedly affected by the nature of the substitution pattern. Thus the yields vary 
up to 30% depending on small differences in the substitution pattern of the parent ring 
system. Chromium trioxide oxidation and ozonolysis of 51 were unsuccessful. 


>C-C< 


0s0 t 


°^Os*' £ ° 


50 



51 


52 



Ruthenium Tetroxide Oxidations 


459 


Ruthenium tetroxide has also been utilized in the oxidation of unsaturated steroids. The 
double bond in 53 is unreactive to osmium tetroxide but is readily converted into a diketone 
(54) by ruthenium tetroxide. 38 



When unsaturated steroid 55 was treated with ruthenium tetroxide a small amount of 
the diol 56 was obtained as well as the diketone 57. 38 Another useful reaction which has been 
reported is the degradation of an unsaturated steroidal side-chain into an aldehyde group in 


R 



57 

high yield. An interesting feature of this work is that either an aldehyde or an acid may be 
prepared depending on the acidity and solvent system being used. 39 When a solution of 
ruthenium tetroxide in carbon tetrachloride was titrated into a neutral solution of the alkene, 
high yields of aldehyde were obtained. Treatment of an acidic solution of the alkene afforded 
a high yield of the carboxylic acid. (See Scheme 7.) 

Unsaturated fatty acids 40 and long-chain alker.es 41 have been converted into smaller 
carboxylic and dicarboxylic acids by ruthenium tetroxide in high yields. It has been reported 
that increased yields and the in situ regeneration of ruthenium tetroxide is facilitated by the 
use of phase transfer catalysis in these systems. 41 

The oxidative cleavage of fluorinated olefins 42 and an unsaturated side-chain on bar¬ 
bituric acid 43 have been reported to proceed in high yield. Unsaturated polymers have been 
converted into lower molecular weight polyfunctional or bifunctional oc-w macromolecules by 
ruthenium tetroxide. 44 

Oxidation of cyclic a./J-unsaturated ketones by ruthenium tetroxide results in the loss of 
one carbon atom. Thus the oxidation of testosterone (58) affords 59 and the a,/I-unsaturated 
ketone 60 is converted into the keto-acid 61, each with the loss of a carbon atom. 45 

The oxidation of steroidal conjugated homoannular dienes by ruthenium tetroxide has 
been studied by Rodewald and Bonczatomaszewski. 453 They found that cholesta-2,4-diene 
underwent the expected ring cleavage with the loss of two carbons. The product obtained 
(70% yield) was the hydroxylactone resulting from the cyclization of the hydrate of the keto- 
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SCHEME 7 




acid. However, the oxidation of the 5,7-choiestadiene system did not result in ring cleavage. 
Instead it was converted into a 5-hvdroxy-6-oxo-7.8-epoxycholestane derivative. The dif¬ 
ference in behavior of the two structures was attributed to differences in the degree of their 
steric hindrance. 


OH 



OH 




3.8. Oxidation of Alkynes 

Alkynes may be conveniently converted into a-diketones or carboxylic acids by 
ruthenium tetroxide. 46 Thus diphenyiacetylene was oxidized to benzil in 83% yield using the 
ruthenium dioxide-hypochlorite reoxidation procedure. This is an interesting result when 
one remembers that aromatic rings are degraded by ruthenium tetroxide. Terminal acetylenes 
are converted into carboxylic acids; no a-keto-acids or aldehydes have been isolated from 
these reactions. 
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3.9. Oxidation of Aromatic Systems 


(a) Polycyclic Aromatic Hydrocarbons. One might expect that those bonds of 
polynuclear hydrocarbons which exhibit considerable double-bond character would be 
cleaved by ruthenium tetroxide. However, this is not the case. Thus, while phenanthrene is 
converted into 9,10-dihydrophenanthrene-9,10-diol by osmium tetroxide, oxidation with 
ruthenium tetroxide affords 9,10-phenanthraquinone.’ Pyrene is oxidized in small yields to 
pyrene 4,5-quinone (62) and in lesser amounts to pyrene 1.6-quinone (63) and the lactol of 
4-formylphenanthrene-5-carboxylic acid 64. 47 



Djerassi and Engle 3 doubted that a ruthenate ester was formed as an intermediate in 
this type of reaction. Whether the formation of phenanthrene quinone is due to direct 
oxidation at the 9,10-position of phenanthrene or involves further oxidation of an inter¬ 
mediate ruthenate ester is not certain. 

The formation of pyrene 4,5-quinone (62) and the lactol 64 by the ruthenium tetroxide 
oxidation of pyrene is indicative that a cyclic ruthenate ester is initially formed at C 4 -C 5 . 
Transformation of this ester in the usual way to give the dialdehyde, followed by oxidation, 
would explain the formation of the lactol 64. The 4,5-quinone 62 could conceivably be the 
product of further oxidation of the ruthenate ester or of the corresponding vie diol. The for¬ 
mation of the 1,6-quinone must proceed via an entirely different mechanism. 

When naphthalene and its derivatives are oxidized by ruthenium tetroxide it is found 
that electron-donating substituents increase the rate of oxidation and the main product is 
phthalic acid. On the other hand, electron-withdrawing substituents deactivate the molecule 
and hence protect the substituted ring and the resulting products are substituted phthalic 
acids. 48 - 50 


(b) Destruction of Aromatic Nuclei. Aromatic nuclei possess varying degrees of reac¬ 
tivity toward ruthenium tetroxide. The nature of the substituents determines whether fission 
of the aromatic ring occurs or not. It is surprising to note that aromatic nuclei can react with 
ruthenium tetroxide as rapidly as olefinic substances. 

Violent and immediate reaction occurs between ruthenium tetroxide and benzene. Even 
dilute carbon tetrachloride solutions of benzene react with ruthenium tetroxide, and black 
ruthenium dioxide is instantaneously precipitated. 

The oxidative destruction of aromatic rings can be an extremely convenient and versatile 
tool in structural and stereochemical studies. Thus the lability of the aromatic nucleus to 
ruthenium tetroxide enables the alkyl benzenes to be oxidized to form aliphatic carboxylic 
acids. Caputo and Fuchs* 0 used the reagent to establish the stereochemistry of cis- 3- 
phenylcyclobutane carboxylic acid. This acid on treatment with ruthenium tetroxide afforded 
m- 1 . 3 -cyclobutanedicarboxylic acid. 

Preparative scale oxidations of />-/err-butyiphenol and phenylcyclohexane give low 
yields of pivalic and cyclohexane carboxylic acids, respectively. 20 The direct degradation of 
an aromatic ring system into a carboxylic acid was the key to the determination of the 
absolute configurations of dimethyl tm-butylsuccinate and rm-butyl-a-naphthylacetic 
acid. 51 Hitherto the chemical correlation of compounds having rerr-butyl groups at the asym¬ 
metric center has been most difficult and the degradation of the naphthalene ring system into 
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carboxylic acid group bv ozonolvsis has been very inefficient. It was found that the complete 
oxidation of the naphthalene ring systems was best achieved by converting them to the 
tetralin compounds prior to the ruthenium tetroxide oxidation. These correlations are sum¬ 
marized in Scheme 8. 

The effect of ruthenium tetroxide on aromatic ring A steroids has been studied by 
Piatak and his collaborators. 52 They have shown that the aromatic ring of estrone (65) is 
degraded and dicarboxylic acid (66) is formed. The same acid 66 was also formed by the 
oxidation of compounds 67 and 68. 



67: R = OH 
68: R = H 


The oxidation of estradiol diacetate with ruthenium tetroxide gave an anomalous result. 
In this case the main product was an aromatic hydroxy-ketone 69 from a double benzylic 
oxidation. The expected dicarboxylic acid 70 was obtained also but in lower yield. Piatak 
and Ekundavo 53 have investigated the structural requirements necessary to give rise to this 
type of double benzylic oxidation. The sole essential structural feature is that the aromatic 
ring A should have only a 3-acyioxy group. If aromatic ring A possesses any other group 
either alone or with a 3-acyloxy group then it is completely degraded by ruthenium tetroxide. 


SCHEME 8 
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Many other aromatic compounds have been reacted with ruthenium tetroxide. but a 
thorough examination of the products has not been carried out. No oxidation products were 
isolated from reaction of the reagent with dibenzyi, triphenylmethane, tetralin. 
nitronaphthalene, azobenzene, pyridine, phenylacetylene. or tolan. 19 

Despite the lability of aromatic systems to ruthenium tetroxide, it is possible to preferen¬ 
tially oxidize other functional groups in the presence of aromatic systems. Thus the benzene 
ring in aromatic sulfides and alcohols is relatively inert toward ruthenium tetroxide. 319 
More complex molecules such as 3-alkylidene grisens 38 (see 51) and benzoylated or ben- 
zylidenated methyl glycosides 2a ~ 2S (see 5) can be specifically oxidized at the nonaromatic 
portion. However, the reaction of ruthenium tetroxide with the aromatic center in 3- 
alkylidene grisens may account for the low yields of oxidation products obtained. Other 
examples of the relative stability of aromatic ring systems have been noted elsewhere in this 
chapter. Thus the benzene ring of iV-benzyl derivatives of pyrrolidines and piperidines (33) is 
relatively inert compared with other portions of these molecules. 


3.10. Oxidation of Cycloalkanes 

Cycloalkanes are relatively inert compounds whose oxidation by the usual reagents 
requires vigorous conditions. However, Lee and Spitzer 18 have shown that ruthenium 
tetroxide is capable of oxidizing cycloalkanes into the corresponding cycloalkanones plus the 
derived dicarboxylic acids under mild conditions. Thus using the two-phase (“catalytic") 
system at room temperature, with vigorous agitation for periods of from one to eight days, 
they converted cyclopentane, cyclohexane, cycloheptane, and cyciooctane into the cyclic 
ketones plus the derived dicarboxylic acids in total yields of 78%—88%. The oxidation 
products of cyclopentane and cyclohexane contained two to two and a half times as much of 
the dicarboxylic acids as the cyclic ketones. In contrast, oxidation of cycloheptane and 
cyciooctane gave much greater proportions of the cyclic ketones. 

Ruthenium tetroxide converted /rans-decahydronaphthalene into trans- 9- 
decahydronaphthol in 55% yield along with 7% of decaiones. 18 This interesting result 
illustrates the preferential susceptibility of tertiary carbon-hydrogen bonds to oxidation. 


4. EXPERIMENTAL CONSIDERATIONS AND PROCEDURES 

Ruthenium tetroxide, like osmium tetroxide, is a poisonous volatile solid. It is a yellow 
crystalline substance, melting point 25°C, boiling point 100°C. Both ruthenium tetroxide and 
osmium tetroxide have tetrahedral structures and are extremely soluble in carbon 
tetrachloride. However, ruthenium tetroxide is a much more vigorous oxidant, and therefore 
the number of solvents that can be employed is limited. Thus it reacts violently with aromatic 
hydrocarbons, ethers, and pyridine, 3 and the most suitable solvents are carbon tetrachloride, 
chloroform, acetone, ethylacetate. butyrolactone. and water. Perhaps the most commonly 
used solvent is carbon tetrachloride. In one isolated case fiuorotrichloromethane has been 
used. 21 
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4.1. Preparation of Ruthenium Tetroxide 

Ruthenium tetroxide is obtained when acidic solutions of ruthenium salts are heated 
with powerful oxidizing agents such as HI0 4 , MnO„~, Ce 4 + , Br0 3 ~, or Cl,: ruthenium 
tetroxide can be distilled from the solutions or swept out by a gas stream. It may also be 
obtained by distillation from concentrated perchloric acid solutions or by acidification and 
oxidation of ruthenate solutions. 5 The method developed by Martin 54 involves heating 
aqueous solutions of ruthenium salts with a suitable oxidizing agent and distilling the volatile 
ruthenium tetroxide into ice-cold carbon tetrachloride. The yellow solution of ruthenium 
tetroxide may then be used directly as an oxidant. A simpler procedure is to shake ruthenium 
dioxide with an aqueous solution of sodium metaperiodate and extract the ruthenium 
tetroxide as it is formed into carbon tetrachloride. 22 

It is most important to use ruthenium dioxide which has been prepared by a 
precipitation process. 55 This material is a hydrated form having the probable composition 
Ru0,~2H,0, and this is the only form of ruthenium dioxide which is oxidizable under the 
mild conditions previously described. Ruthenium dioxide is also available in an anhydrous 
form, and since the chemical catalogs list both forms under one heading, it is essential to 
specify the hydrated form when purchasing. However, Stevens and Bryant 56 have devised a 
method for converting “inactive" ruthenium dioxide into a form which can be oxidized to 
ruthenium tetroxide by sodium hypochlorite. 


4.2. General Methods of Oxidation with Ruthenium Tetroxide 

Two different procedures have been used in ruthenium tetroxide oxidations. In the first 
method ruthenium tetroxide is prepared and isolated and the appropriate quantity is added 
to the substrate. The main disadvantage of this method is that the oxidation products are 
often adsorbed or occluded by the ruthenium dioxide that is precipitated during the reaction, 
and this results in lower yields. However, Sheehan and Tulis 31 preferred this method when 
they oxidized cyclic amines because it required a shorter reaction time and the products were 
therefore not as likely to be hydrolyzed. A typical example of a “single-phase” oxidation 
follows. 

Ruthenium dioxide dihydrate (0.5 g) is shaken with a solution of sodium metaperiodate 
(2 g in 20 ml water) until the black insoluble ruthenium dioxide disappears. The bright 
yellow ruthenium tetroxide is then extracted into carbon tetrachloride and may be stored 
over sodium metaperiodate if necessary. The oxidant solution is added to a solution of the 
substance to be oxidized and allowed to stand at room temperature. When the reaction is 
complete excess oxidant is destroyed by the addition of methanol or 2-propanol and the 
precipitated ruthenium dioxide is removed by filtration. Evaporation of the solvent affords 
the oxidation product. 

The second procedure is sometimes called the “two-phase" or “catalytic” method. In this 
method small (catalytic) amounts of ruthenium tetroxide are employed. During the reaction 
the ruthenium tetroxide is converted into ruthenium dioxide, which is reoxidized to the 
tetroxide by an appropriate oxygen donor such as sodium metaperiodate or sodium 
hypochlorite. This technique has distinct advantages over the “single-phase" procedure. Thus 
trace quantities of costly ruthenium dioxide are required and one does not have to isolate the 
ruthenium tetroxide to carry out the oxidation. Higher yields of oxidation product are often 
obtained by this method because losses of product due to adsorption and occlusion on the 
precipitated ruthenium dioxide are reduced. A general outline of the method follows. 

The compound to be oxidized is dissolved in carbon tetrachloride or acetone and 
shaken with ruthenium dioxide dihydrate (20 mg per gram of compound). An aqueous 
solution of sodium metaperiodate or sodium hypochlorite is added in small portions at inter¬ 
vals so that the reaction mixture remains yellow. When the reaction is finished any excess of 
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TABLE I. Representative Examples of Ruthenium Tetroxide Oxidations 


Substrate 

Product 

Method" 

and 

yield (%) 

Reference 

Hydroxy compounds 

Ethyl-3-hydroxycyclobutane 

carboxylate 

Ethyl-3-ketocyclobutane 

carboxylate 

S, 78 

20 

Cyclohexanoi 

Cyclohexanone 

S, 79 

19 

Benzyl alcohol 

Benzaldehyde 

S. 72 

19 

1.2:5,6-Di-O-isopropylidene 
x-D-glucofuranose 

1,2:5,6-Di-O-isopropylidene 
a-D-ribo-hexofuranosulose 

S. 84 

23 

Methyl-3,4.6-tri-0-benzoyl 

x-D-glucopyranoside 

Methyl-3.4.6-tri-0-benzoy! 

a-o-arabino-hexapyranosidulose 

S. 50 

23 

Aromatic compounds 

3-7Vr/-butyl-3-( 1 ',2',3',4'- 
tetrahydro-5'-naphthyl) 
propionic acid 

Dimethyl-rm-butyl- 

succinate 

S, 31 

51 

3- 7Vrl-butvl-3-phenylpropionic 
acid 

Dimethyl-/m-butyl- 

succinate 

S, 63 

51 

Estrone 

3-( 1 -Oxo-8/l-methyl-5/l-carboxy- 
/ra/u-perhydroindanyl-4x-) 
propanoic acid 

S, 65 

52 

Phenylcyclohexane 

Cyclohexane carboxylic acid 

S, 25 

20 


" S, single-phase oxidation: C. "catalytic" or two-phase oxidation: c.p.. "catalytic" or phase transfer catalysis. 


Table continued 


ruthenium tetroxide is destroyed by the addition of methanol or 2-propanol. The ruthenium 
dioxide is then filtered ofT and the product is obtained by evaporation of the solvent. 

A typical example of the “catalytic" method is the oxidation of estrone.* Estrone 
(l.OOg) in acetone (100ml) was added to a stirred, yellow ruthenium tetroxide mixture 
obtained by combining ruthenium dioxide (400mg) in acetone (50 ml) with sodium 
periodate (3.00 g) in water (15 ml). The reaction was kept yellow by adding portion wise a 
solution of sodium periodate (11.5 g) in acetone-water (1:1, 115 ml) to the stirring mixture. 
At the end of 4.5 h a few milliliters of isopropyl alcohol were added to terminate the reaction, 
and the mixture was diluted with an equal amount of acetone. After collection of the 
precipitated solids on celite, most of the acetone was removed in vacuo and solid sodium 
chloride added. The steroids were taken up in ethyl acetate-ether (1:1), and the acid fraction 
was isolated as usual with sodium bicarbonate. An acid fraction (670 mg) crystallized on 
trituration with ethyl acetate. 

A greatly improved method for the ruthenium tetroxide oxidation of alkenes, alcohols, 
ethers, and aromatic rings has been published. 57 This procedure differs from the traditional 
method of the catalyzed ruthenium tetroxide system simply by the addition of acetonitrile to 
the carbon tetrachloride/water. The new method is rapid and mild and results in higher 
yields of products than were previously obtainable by the traditional method. 


* Reprinted in part with permission from Piatak, D. M.. Herbst, G., Wicha. J. and Caspi, E.. J. Or%. 
Chem.. 34. 116 (1969). 
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TABLE I. Continued 


Substrate 

Product 

Method" 

and 

yield (%) 

Reference 

Carbon-carbon double bonds 

l-Pentadecene 

Myristic acid 

c.p., 100 

41 

3x,7a, 12a-T riaceloxv-24.24- 
diphenyl-5/?-chol-23-ene 

3x.7x.l2x-Triacetoxy-24-nor- 

5/i-cholan-23-al 

S. 73 

39 

3x,7a, 12x-T riacetoxv-24.24- 
diphenyl-5/S-chol-23-ene 

3x,7x. 12x-T riacetoxy-24-nor- 
5/i-cholan-23-oic acid 

S. 76 

39 

5-Ethyl-5-( l-methyl-4- 
pentenyl) barbituric acid 

5-Ethyl-5-( l-Methyl-3-Carboxy- 
propyl) barbituric acid 

C, 81 

43 

x./i- Unsaluraled ketones 

17/j-Acetoxy-3-oxo-5x- 

androst-l-ene 

17/i-Hydroxv-1,3-seco-2-nor- 
5x-androstane-l,3-dioic acid 

C, 85 

45 

Cycloalkanes 

Cyclohexane 

Cyclohexanone + 
adipic acid 

C. 26 

C. 58 

18 

Cyclohcptane 

Cycloheptanone + 
pimelic acid 

C. 68 

C. 20 

18 

Nitrogen heierocycles 

/V-Methyloxalylpiperidine 

A-Methyloxalyl-2-piperidone 

S, 59 

31 

A-Acetyl-2-phenyipyrroiidine 

iV-Acetyl-5-phenyl-2-pyrroli- 

dinone 

C, 60 

32 

Sul f ur compounds 

S.S-Dimethyl-AM p-toluene- 
sulfonyl) suifenylimine 

S.S-Dimethyl-AM p-toluene- 
sulfonyl) suiphoximine 

C, 94 

35 

Diphenyl sulfide 

Diphenyl sulfone 

S, 42 

3 

Diphenyl sulfoxide 

Diphenyl sulfone 

S, 93 

3 


REFERENCES 

1. K. A. Kofmann, Ber. Dlsch. Chem. Ges. 45, 3329 (1912). 

2. R. Criegee, Justus Liebigs Ann. Chcm. 522, 75 (1936). 

3. C. Djerassi and R. R. Engle. J. Am. Chem. Snc. 75. 3838 (1953). 

4. N. Irving Sax, Dangerous Properties of Industrial Materials. Reinhold. New York. 1968. 

5. F. Cotton and G. Wilkinson. Advanced Inorganic Chemistry. 4th Edn., pp. 914-915. Wiley, New 
York, 1980. 

6. L. F. Fteser and M. Fieser. Reagents for Organic Synthesis. Wiley. New York. 1967. 

7. D. G. Lee and M. van den Engh, Can J. Chem. 50. 2000 (1972). 

8. J. Roceck and A. E. Radkowky, J. Am. Chem. Soc. 95. 7123 (1973). 

9. J. Roceck and D. E. Aylward, J. Am. Chem. Soc. 97. 5452 (1975). 

10. K. Meyer and J. Roceck. J. Am. Chem. Soc. 94. 1209 (1972). 

11. J. Roceck and A. E. Radkowsky. J. Org. Chem. 38. 89 (1973). 

12. D. G. Lee. U. A. Spitzer. J. Cleland, and M. E. Olson, Can. J. Chem. 54. 2124 (1976). 

13. D. G. Lee and M. van den Engh. Can. J. Chem. 50. 3129 (1972). 




Ruthenium Tetroxide Oxidations 


467 


14. T. Endo and J. Zemlicka. J. Org. Chem. 44, 3562 (1979). 

15. U. A. Spitzer and D. G. Lee, Can. J. Chem. 53. 2865 (1975). 

16. D. C. Ayres and R. Gopalan. J. Chem. Sac. Chem. Cammun. 1976. 890. 

17. D. G. Lee and U. A. Spitzer, J. Org. Chem. 41. 3644 (1976). 

18. U. A. Spitzer and D. G. Lee. J. Org. Chem. 40. 2539 (1975). 

19. L. M. Berkowitz and P. N. Rylander. J. Am. Chem. Soc. 80, 6682 (1958). 

20. J. Caputo and R. Fuchs, Tetrahedron Lett. 4729 (1967). 

21. E. J. Corey, J. Casanova, P. A. Vatakencherry, and R. Winter. J. Am. Chem. Soe. 85. 169 (1963). 

22. H. Nakata. Tetrahedron 19. 1959 (1963). 

23. P. J. Beynon. P. M. Collins. P. T. Doganges. W. G. Overend. J. Chem. Soc. tCl 1131 (1966). 

24. P. J. Beynon. P. M. Collins, and W. G. Overend. Proc. Chem. Soc. 342 (1964). 

25. V. M. Parikh and J. K. N. Jones, Can. J. Chem. 43, 3452 (1965). 

26. R. M. Moriarty, H. Gopal and T. Adams. Tetrahedron Lett. 4003 (1970). 

27. H. Gopal. T. Adams, and R. M. Moriarty, Tetrahedron 28. 4259 (1972). 

28. J. L. Courtney and K. F. Swansborough, unpublished work. 

28a. A. B. Smith and R. M. Scarborough. Synth. Common. 10. 205 (1980). 

28b. W. J. Rodewaid and J. W. Morzycki, Polish J. Chem. 53. 1373 (1979). 

28c. Y. Nakamura and K. Tajima. Noguchi Kenkvwtho Jiho 23, 45 (1980). 

29. M. E. Wolff. J. F. Kerwin. F. F. Owings, B. B. Lewis, and B. Blank. J. Org. Chem. 28. 2729 (1963). 

30. A. M. Felix. J. V. Earley. R. I. Fryer, and L. H. Sternbach. J. Heteroeycl. Chem. 5. 731 (1968). 

32. N. Tangari and V. Tortoreila. J. Chem. Soc. Chem. Commun. 71 (1975). 

33. F. Morlacchi. V. Losacco. and V. Tortoreila. J. Heteroeycl. Chem. 16. 297 (1979). 

33a. G. Bettoni, G. Carbonara. C. Franchini. and V. Tortoreila. Tetrahedron 37, 4159 (1981). 

34. R. Perrone. G. Bettoni. and V. Tortoreila. Synthesis 9, 598 (1976). 

34a. M. C. Desai. H. P. S. Chawla, and Sukh Dev. Tetrahedron 38, 379 (1982). 

35. H. S. Veale, J. Levin, and D. Swern. Tetrahedron Lett. 6. 503 (1978). 

36. Ruth F. Nutt, B. Arison, F. W. Holly, and E. Walton, J. Am. Chem. Soc. 87. 3273 (1965). 

37. F. M. Dean and J. C. Knight, J. Chem. Soc. 4745 (1962). 

38. G. Snatzke and H. Fehlhaber. Justus Liebigs Ann. Chem. 663. 123 (1963). 

39. Y. Shalon and W. H. Elliott. Synth. Commun. 3(4), 287 (1973). 

40. T. A. Foglia. P. A. Barr, A. J. Malloy, and M. J. Constanzo, J. Am. Oil Chem. Soc. 54(11). 870A 
(1977). 

41. T. A. Foglia. P. A. Barr, and A. J. Malloy. J. Am. Oil Chem. Soc. 54(11), 858A (1977). 

42. C. Guizard. H. Cheradame. Y. Brunei, and C. G. Begum, J. Fluorine Chem. 13(2), 175 (1979). 

43. F. I. Carroll and A. Philip. Org. Prep. Proc. 2(3), 223 (1970). 

44. H. Cheradame. C. G. Guizard, M. Brigodiot. and J. H. Garapon, German Offen.. 2,723,840 (Cl. CO 
8F8/06) 15 December 1977; Fr. Appl. 7,616,290. 

45. D. M. Piatak, H. B. Bhat, and E. Caspi, J. Org. Chem. 34, 112 (1969). 

46. H. Gopal and A. J. Gordon. Tetrahedron Lett. 31. 2941 (1971). 

47. F. G. Oberender and J. A. Dixon. J. Org. Chem. 24. 1226 (1959). 

48. U. A. Spitzer and D. G. Lee. J. Org. Chem. 39, 2468 (1974). 

49. D. C. Ayres and A. M. M. Hossain. J. Chem. Soc. Chem. Commun. 7. 428 (1972). 

50. D. C. Ayres and A. M. M. Hossain. J. Chem. Soc. Perkin Trans. 1(8), 707 (1975). 

51. S. Imajo. H. Kuritani. K. Shingu. and M. Nakagawa. J. Org. Chem. 44. 3587 (1979). 

52. D. M. Piatak. G. Herbst, J. Wicha. and E. Caspi, J. Org. Chem. 34. 116 (1969). 

53. D. M. Piatak and O. Ekundavo. Steroids 21. 475 (1973). 

54. F. S. Martin. J. Chem. Soe. 3055 (1952). 

55. P. J. Beynon. P. M. Collins. D. Gardiner, and W. G. Overend. Carbohydrate Res. 6. 431 (1968). 

56. C. L. Stevens and C. R. Bryant. "Oxidation with Ruthenium Dioxide and Hypochlorite." Methods 
Carbohydr. Chem. 6. 337 (1972). 

57. P. H. J. Carlsen. T. Katsuki, V. S. Martin, and K. B. Sharpless, J. Org. Chem. 46. 3396 (1981). 



9 


Oxidations Using Palladium Compounds 

Suzanne F. Davison and Peter M. Maitlis 


1. INTRODUCTION 

The advent of the Wacker process in the 1950s for the preparation of acetaldehyde from 
ethylene on an industrial scale using palladium chloride focused attention on the potential of 
compounds of this metal as oxidants for organic reactions.* The field has expanded greatly 
since then and Pd(II) is now used for the formation of ketones, esters, ethers, acetals from 
olefins as well as in olefin coupling reactions. Pd(II) is also active in promoting the coupling 
of arenes, benzylic oxidation, the oxidation of alcohols, and of oxidative carbonylation. In 
each case there are many variations which have been explored in order to make the reactions 
more specific. In addition a wide variety of co-oxidants have been explored: these are used in 
order to make the reactions catalytic in palladium. 

In this chapter we have drawn attention to those features of the oxidation reactions 
which are likely to be of most interest to the synthetic chemist. The most usual palladium 
complexes are the chloride, (PdCl 2 )„, which is a polymer that only dissolves in the presence 
of a ligand (or a iiganding solvent), and the trimeric acetate [Pd 3 (OAc) 6 ]. Both of these are 
available from Johnson Matthey, Engelhard Industries, and other laboratory supply houses, 
or can be made from palladium metal. 

The reader should also bear in mind, when reading this chapter, that palladium also has 
a very rich chemistry, especially with unsaturated organic compounds, which is not oxidative 
in nature. For example, both acetylenes and 1,3-dienes are readily oligomerized under mild 
conditions. Such reactions may therefore limit the utility of Pd(II) in certain types of 
oxidations. 

Platinum! II) will usually effect reactions similar to those induced by Pd(II), but they are 


* The early work and the background lo all these reactions have been discussed in detail by 
P M. Maitlis. in The Organic Chemistry of Palladium. Vols. I and II, Academic. New York. 1971. and 
by P. M. Henry, Palladium Catalysed Oxidations of Hydrocarbons. Reidel. Dordrecht, 1980. and the 
reader is invited to refer to them for further information. 


Suzanne F. Davison and Peter M. Maitlis • Department of Chemistry, The University of Shef¬ 
field. Sheffield S3 7HF. England. 
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generally substantially slower. Since platinum is also (on a g atom basis) a factor of 5.4 more 
expensive, it is clearly not the metal of first choice for such oxidations. Attention has 
therefore been focused on palladium. 

Included among the reactions discussed in this chapter is the oxidation of olefins under 
a variety of conditions. The mechanism of the PdCl,-promoted oxidation of ethylene in 
water to give acetaldehyde is reasonably well understood in general terms (Section 2.1) and 
basically consists of the attack of a nucleophile (H,0 or OH - ) on the coordinated ethylene. 
This nucleophile may attack externally giving a rraruoitf-^-hydroxyethylpalladium inter¬ 
mediate. Alternatively there may be a migration of coordinated OH onto the it-complexed 
ethylene, giving the ci50h/-/S-hydroxyethylpalladium intermediate. These intermediates can 
then fall apart rapidly, via a series of hydrogen shifts, to give the products. Related schemes 
can be drawn up for the oxidation of other olefins. Further, analogous reactions by other 
nucleophiles on coordinated olefins are also possible, and these lead to a wide variety of 
products. They can be exemplified diagrammatically as 


Pd 11 + RCH = CH,-> Pd“(RCH = CH,) 


RXC = CH, 


PdCH , CHXR PdCHRCH, X 


RCH = CHX 


YCHXHXR YCHRCH,X 


It should be emphasized that this scheme is only for illustration: the actual mechanisms 
involved are very complex and at present rather poorly understood, and they are even 
further complicated by subsequent processes. 

A further group of reactions may be classified in terms of the formation of 
ff-arylpailadium intermediates. Formally these intermediates can then react with olefins, by 
taking the place of X - in the above diagram, to give aryl substituted compounds. Alter¬ 
natively such arylpalladium intermediates may couple to give biaryls (Section 4.1), the metal 
may be displaced by the action of an oxidant (for example, in the presence of acetate to give 
phenyl acetate. Section 4.2), or they may be carbonylated (Section 5.2). The carbonylation of 
intermediates such as PdCHRCH,X or PdCH,CHRX under oxidizing conditions may also 
explain the oxidative carbonylation reactions of olefins (Section 5.1). The last section (Sec¬ 
tion 6) includes a variety of reactions of alcohols; little mechanistic information relating to 
these reactions has appeared. 

The utility of these palladium-promoted oxidations lies in the fact that they can usually 
be made catalytic in Pd(II) by the addition of Cu(II) and halide: in turn these reactions can 
sometimes be driven by the oxidizing power of air or oxygen. The basic reactions for a two- 
electron oxidation of a suitable substrate, X, are 


Pd(II) + X-► oxidation product of X + Pd(0) 

Pd(O) + 2Cu(II)-► Pd(II) + 2Cu(I) 

2Cu(I) + 40, + 2H + -► 2Cu(II) + H,0 

The chapter concludes with examples taken from the literature which illustrate some of 
the more useful reactions. 
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2. OXIDATION OF OLEFINS 


2.1. Oxidation of Ethylene in Water 

One of the most studied reactions using palladium is the so-called Wacker process.* in 
which ethylene is oxidized to acetaldehyde in aqueous solution. The stoichiometry is as 
follows: 


C,H 4 + PdCl, + H,0 — 

CH 3 CHO + Pd° + 2HC1 

(1) 

Pd° + 2CuCl, — 

—► PdCl, + 2CuCl 

(2) 

2CuCl + 2HC1 + 40, — 

—► 2CuCl, + 2H,0 

(3) 


C,H 4 + 40,-► CHjCHO 

The reaction in Eq. (1) has been known since i894, 1 but it was not until 1959 that it was 
combined with reactions (2) and (3) by Smidt and co-workers 2 ' 3 to give the catalytic cycle 
indicated above. This is now the basis of an important industrial process replacing the older 
production of acetaldehyde from acetylene. 

There are two industrial versions of the homogeneous Wacker reaction: a one-stage 
process in which ethylene oxidation and reoxidation of the catalyst occur in the same reac¬ 
tor, and a two-step process in which the reduced catalyst solution is reoxidized in a separate 
reactor after the acetaldehyde has been removed. In both processes the crude acetaldehyde 
contains some lower boiling (MeCl, EtCl, CO,) and some higher boiling (ClCH,CHO, 
MeCOOH, H 2 0) products, which must be removed by distillation. 

Chlorinated products are usually formed when copper(II) chloride is used as a 
reoxidant. With acetaldehyde mono-, di-, and tri-chlorinated products are formed, as well as 
acetic acid and C1CH.CH = CHCHO which result from further oxidation or condensation 
reactions. 

Recently, chloride-free Wacker-type systems have been proposed 4 which use palladium 
salts together with mixed heteropoiy acids, such as phosphomoiybdovanadates. as 
reoxidants. These have the potential advantages of eliminating chlorinated side products and 
of reducing corrosion effects on the plant. 

The Wacker reaction is not a particularly useful method for making acetaldehyde on a 
laboratory scale. However, it has been extensively studied in small-scale experiments by 
Henry and others. Such studies have led to the present understanding of the mechanism, the 
essence of which is shown in Scheme 1. 

Steps 1-4 are generally agreed and are consistent with the accepted kinetics and the rate 
expression 5 


4C 2 H 4 ] A-'X,[PdCl 4 2 -][C 2 H 4 ] 

dt [H + ][C1“] 2 ' 

Formation of 5, the hydroxyethyl palladium intermediate, may occur by a dr-addition of 
OH - from within the palladium coordination sphere, again in agreement with the kinetics, 
as shown in Eq. (5): 


Pd-CH,-► Pd -CH 

I II I 

OH CH, HO-CH 


(5) 


Named after the firm (Wacker Chemie GmbH) where it was first developed. 
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SCHEME 1 


—^ 2Cu : , + 

H,'Or2Cl+CH,CHO+ Pd" 


2Cu " c ; h 4 

[ PdCU ] : Cl" 

i 



[Cl,Pd|C,Hj]- 


H.O 


OH Cl/ 

1 V 

H-C—Pd—Cl 

CH ' 7 

CH )H.O 


© 



cr 


[PdCI;(H;OMC,H 4 )] 


H,0 



Cl 


CH I © 

|l —Pd—Cl [PdCljlOH )(C;H 4 )]" 


-H.O 


"H, + 0 


CH, 


H,0 


[CUPdfHjO)] 

I H 

C-C-OH 

I I 

H H 
5 


H,0 


However, studies of the stereochemistry 6 7 using cis- and ;ra/i,v-CHD = CHD indicate that 
/rans-addition by an external nucleophile, as shown in Eq. (6), is also possible: 


CH 


Pd- 


2 


CH 



H,0 


Pd —CH, 

I 

CH, —OH 


( 6 ) 


More recent studies by Henry and Gragor 8 show that the conditions used in these 
stereochemical studies, that is high chloride ion concentrations, may lead to an alternative 
reaction path. They suggest two paths, one of which leads to aldehyde, the other leading to 
chlorohydrins, thus giving some explanation of the formation of chlorinated side products at 
high Cl ~ concentrations: 


Cl v ,CH,CH,OH 
Cl OH, 


CH,CHO 


[PdCl 4 ]-’"+C,H 4 ^ PdCl,(C,H 4 )~ +C1' 


(7a) 


H ? 0 irons 

-H ' 


2 - 

Cl x ^CH,CH,OH 

Pd ClCH,CH,OH 

Cl Cl 


(7b) 


Steps 5-7 agree with the observation that when the reaction is carried out in D,0 no 
deuterium appears in the product. This shows that all the hydrogen in the product must 
come from ethylene. 

The vinyl alcohol ;r-complex, intermediate 6, seems a reasonable intermediate since vinyl 
alcohol complexes of platinum are well known. 9 

Palladium! II) salts, although preferred, are not the only catalysts for oxidizing ethylene 
in water: other noble metal compounds such as the hydrates of RhCl,. IrCl 3 , or RuC 1 3 and 
Pt 11 salts have also been reported to be active. Of those piatinum(II) salts are the best. 
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2.2. Oxidation of Ethylene in Acetic Acid 


A wide variety of products can be obtained from the oxidation of alkenes in acetic acid. 
For example, the following products [Eqs. I8HH)] are all formed when ethylene is 
oxidized; small changes in reaction conditions can cause any one of them to predominate. 
The list shows the major reaction products only. 


C 2 H 4 4- PdCl 


AcOH 


AcOH, LiOAc 
CuCl 2 


AcOH, NaOAc 
CuCl2 


AcOH 

L1NO3 


CH, = CHOAc 


ClCHXH,OAc 


AcOCH,CH,OAc 


HOCH : CH : OAc 


( 8 ) 

( 9 ) 


( 10 ) 


( 11 ) 


Where no added reoxidant is used, as in (8), Moiseev and co-workers 10 found that the 
oxidation of ethylene with palladium chloride in acetic acid containing some sodium acetate 
gave vinyl acetate as the main product together with some ethylidene diacetate: 

PdCU + C : H 4 +NaOAc-► CH 2 = CHOAc + CH 3 CH(OAc) 2 (12) 

Experiments with deuterium labeling 11 have shown that ethylidene diacetate is a 
primary product; under some conditions it can be up to 50% of the total. 

Secondary products are acetaldehyde and acetic anhydride, which can result from the 
palladiumlll) catalyzed decomposition of vinyl acetate; 

CH 2 = CHOAc + AcOH —CH 3 CH0 + Ac 2 0 

It is generally agreed that the oxidation of ethylene to vinyl acetate occurs via an 
oxypalladation intermediate, represented as 8 similar to that found in aqueous media: 

C 2 H 4 + Pd(II) + AcO“ -- L 2 XPd“CH 2 CH 2 OAc 

g -HPd" 

CH 2 = CHOAc 

Vinyl acetate is then formed when the oxypalladation adduct 8 decomposes to eliminate 
Pd(II)-hydride which, being unstable, gives Pd° and H + . 

Ethylidene diacetate can also result from the oxypalladation intermediate 8: 

8-> Me-CH-OAc ° Ac » CH 3 CH(OAc) : (13) 

Pd 

This reaction is faster with added reoxidant. 

Initially it was hoped to make the homogeneous production of vinyl acetate a commer- 
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cial process by the addition of reoxidants such as CuCl : . In addition to the serious corrosion 
problems resulting from the use of chloride, it was found that 1,2-disubstituted esters were 
substantial products of this reaction 12 : 

C : H 4 + PdCK + CuCl, -- --- . CH 2 = CHOAc. MeCH(OAc), 

ClCH : CH,OAc. AcOCHXECOAc 
HOCH 2 CH 2 OAc 

Although all the variables affecting the product ratios have not been determined, it is 
known that chloride ion concentration is very important. 12 ' 13 Chloride is probably needed to 
keep the oxidation potentials down and also to solublize Cu(II). As the chloride concen¬ 
tration is increased the relative amount of saturated esters increases and the yield of vinyl 
acetate can even be negligible at high chloride concentration. 

The yield of vinyl acetate can be increased by increasing the temperature or bv using 
mixed solvents, acetic acid-iV.fV-dimethylacetamide. for example. 13 Addition of complexing 
agents such as dimethyl formamide, dimethyl sulfoxide alkyl and aryl nitriles, trialkylamines. 
or esters reduces the rate of decomposition of vinyl acetate to acetaldehyde and acetic 
anhydride. 

The added reoxidant must act by causing the oxypalladium adduct 8 to decompose in a 
different manner [Eq. (14)]. 


L 2 XPd“CH 2 CH 2 OAc 

8 



CWU = CHOAc 


Competing reactions (14) 


AcOCHXH 2 OAc 

ClCH 2 CH 2 OAc 

HOCH,CH,OAc 


It is suggested 14 that the reoxidant (e.g., CuCl 2 ) interacts with palladium(II) by removing 
electrons as the Pd n -carbon bond is breaking, creating a carbonium ion center [Eq. (15)] 
and aiding the attack of a nucleophile: 


+ 

Oxidant-Cl-Pd(II)-CH,CH,OAc (15) 

*-J ' ' 

For longer-chain alkenes the product distributions are much more complex and not so 
readily explained (see Section 1.5). 

Commercially vinyl acetate is an attractive product, but. as can be seen, a simple 
Wacker-type homogeneous system is not possible owing to the complicated product mixtures 
that occur. For these reasons vapor phase heterogeneous processes have been developed; a 
typical example uses Pd° or Pd(II) and KOAc on carbon and a gas stream of ethylene, 
oxygen and acetic acid at 120°C. 


2.3. Oxidation of Ethylene in Alcohols 

The oxidation of ethylene by palladium(II) in alcohols was also first reported by 
Moiseev 10 : 


C 2 H 4 + ROH 


PdCI; 


CH 2 = CHOR + CH,CH(OR) 3 


( 16 ) 
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Unlike the oxidation in acetic acid, where vinyl acetate is the major product, the product is 
almost exclusively CH 3 CH(OMe) 2 with very small amounts of methyl vinyl ether. The reac¬ 
tion is complicated by the fact that the alcohol solvent can also be oxidized by palladium!II) 
salts to give carbonyl compounds (see Section 5.1), which can react to give acetals. In the 
case of ethylene in ethanol 15% of the 1,1-diethoxyethane product was shown by deuterium 
labeling to come from the ethanol. 

Similarly to the previously described reactions in water and acetic acid, the reaction 
goes via an oxypalladation intermediate. However, as before, it is not clear whether the 
adduct is formed by cis- or tra/u-alkoxypailadation. Two routes of decomposition have been 
proposed. In one, 

L,XPdCH,CH,OMe-► CH, = CHOMe-► CH 3 -CH-OMe 

1 I 

LXPdH L 2 PdX 

t-OMe 

CH 3 —CH(OMe) 2 + Pd° + X ~ + 2L 

(17) 

Pd(II) moves to the a-carbon and then leaves as palladium(O); alternatively, the ylidic 
a-bonded form of the w-bonded vinyl methyl ether is attacked by methanol: 

Me 

O® 

CH, = CHOMe-► Pd-CH,-CH ° Me Pd-CHXH(OMe), 

'I I I 

LXPdH H H 

1 

CH 3 CH(OMe) 2 + Pd° (18) 

Unlike the oxidations in water and acetic acid, no commercial process has been 
developed using the oxidation of olefins in alcohols, although many patents cover the sub¬ 
ject. 


2.4. Oxidation of Higher Olefins in Water 


As might be expected, a-olefins react to give methyl ketones and aldehydes, with the 
methyl ketones usually being the major products. The ratio of aldehyde to ketone can be 
significantly varied; for example, 15 propylene gives 2% propionaldehyde when PdF 2 is used 
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in 0.9 M HF solution and 20% propionaidehvde when K,PdCl 4 in 1 M HC1 solution is the 
oxidant. In each case the remainder is acetone. 

This reaction is relatively general and under suitable conditions has been used as an 
important step in synthesis of molecules such as (+ )-19-nortestosterone 16 (9) and 
diplodialidine B(7) !7 (10). 


O 



10 


Internal olefins give ketones only, while a-olefins with a secondary alkyl substituent give 
allylic alcohols and allvlic aldehydes, 18 the aldehydes resulting from further oxidation of the 
alcohol. 

Cyclic olefins give cyclic ketones: 


(^j) + PdCl, + CuCl 


H.O 


D 


(19) 


a,/?-Unsaturated acids, esters, and amides all give the same product by virtue of the rapid 
hydrolysis of the esters and amides. The products are carbonyl compounds from oxidation 
followed by decarbonylation: 


RCH = CHCO,H 


PdCI; 
CuCl;. H;0 


o 

I! 

RCHCCCKH-^ RCHXHO 


( 20 ) 


Allylic alcohols give unsaturated aldehydes and ketones, the reaction going via normal 
oxidation to a /(-hydroxy carbonyl followed by dehydration: 

O O 

RCH=CHCH,OH-—-► RCCFI,CH,OH ~ H ’° . RCCH = CH, (21) 

CuC1 2 .H 2 0 “ 

Olefins with electron withdrawing groups (X) give aldehydes: 

XCH =CH,-—-► XCH.CHO (X = CN, NO,) (22) 

CuCI 2 .H,0 - 


For practical purposes the main difficulty in oxidizing higher olefins is the lack of 
solubility in the aqueous phase. Many mixed solvent systems have been tried in an attempt 
to improve this: the best so far seems to be an aqueous sulfolane system. 19 Yields can also be 
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increased by carrying out a preliminary oxymetallation reaction between the olefin and a 
mercury(II) salt, 20 e.g., Hg(OAc),. The oxymercunal formed then reacts with palladium!II) 
to give the oxidation product: 


RCH = CH 2 + Hg(OAc), + H ; 0 


OH 


RCH —CH-HgOAc + HOAc 

I PdCl;.CuCI;.H,0 


o 

11 


RCCHj 


(23) 


2.5. Oxidation of Higher Olefins in Acetic Acid 

As previously indicated, product distributions for higher olefin oxidation in acetic acid 
are very complex. As with ethylene, the presence of added reoxidant allows the formation of 
saturated esters, glycols, and, where CuCI, is used, chloro-esters. However, isomerization of 
the oxypaliadation intermediate allows for an even wider range of products, if we take 
but-l-ene as an example 12 (Table I). 

Another interesting example is cyclohexene, which in the absence of reoxidant gives only 
benzene and cyclohexane by disproportionation. 21 Oxidation in the presence of PdCU and 
CuCl, gave 2-cyclohexen-l-yl acetate and 3-cyclohexen-l-yl acetate as well as possible 
positional isomers (1,2, 1,3, and 1,4) but no I-cyciohexen-l-yl acetate. 22 ' 23 

Generally the addition of NaOAc has a marked effect on product distributions. For 
example for propene: 


Propene 


PdCI, 

NaOAc. HOAc 


PdCI; 

HOAc 


— /.TO-propenyl acetate 

44% 

allyl acetate 

3% 

f/wis-propenyl acetate 

17% 

-> uo-propenyl acetate 

98.6% 


A similar effect is observed with 1-hexene. 26 27 


2.6. Oxidation of Higher Olefins in Alcohols 

As with ethylene, oxidation of higher olefins in alcohols can give complex product dis¬ 
tributions; unfortunately, product distributions reported by different workers for the same 
reaction show wide variations due to small differences in reaction conditions. 

In general, if small amounts of water are present, ketones are formed. Carbonyl com¬ 
pounds are also formed when an hydroxy-mercuration/PdCl; method similar to that dis¬ 
cussed above is used. 28 Here it seems that carbonyls are produced from the hydrolysis of 
acetals during the aqueous work-up. 

If glycolic solvents are used the products are dioxolanes. 29 Again an oxymercuration 
procedure can be used. 

Interesting reactions involving alcoholic and olefinic groups in the same molecule have 
been noted, for example, the formation of 12 and 13 from 11 10 : 



TABLE I. Oxidation of But-l-ene in Acetic Acid—Product Distribution 
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is a nucleophile, eg.. 'OH, "OAc, Cl" 
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+ PdCl 2 (PhCN) 2 


11 



R 


12 


13 


VCH,R 

O 


When isomerization cannot occur, only the exo product 12 is formed. A more recent study of 
oxidative cyclization of 2-allyl phenols 31 shows that asymmetric cyclization of these com¬ 
pounds to give optically active 2,3-dihydrobenzofurans can be achieved using chiral 
palladium(II) complexes such as ( + HV-pinenyl)palladium(II) acetate (14). 


.OAc 



14 


The reaction is carried out in the presence of copper(II), preferably Cu(OAc) 2 , and oxygen. 
The results suggested a mechanism in which Pd(II) does not change its formal oxidation 
state and the active catalyst is most likely a hydroperoxopalladium(II)-copper(II) species, 
e.g., 15: 



OOH 




OAc 


OAc 



15 


The experimental procedure to make (16) and (17) is described by Hosokawa et al. 
(Section 5.3 ) 31 : 




(S)( + ) 16 


CH = CH, 



17 


Another reaction is the formation of flavones 32 (18): 


R 


OH 

PdCI;(PhCN), 

COCH = CHAr 


O^Ar 


6 18 


Also of interest is the formation of isoxazoies 33 (19) from a,/J-unsaturated ketoximes: 


R' R" 

X / iph.p^pda, 

S. — NiOPh 

C H 

II 

N 

\ 

OH 



19 
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In this reaction the reactants are refluxed in benzene for 8 h and the reduced palladium 
is removed by filtration. Glycolic groups have also been found to cyclize. for example 34 
20 to 21: 



3. VINYLIC SUBSTITUTION REACTIONS 

This is a useful reaction as palladium(II) can cause the formation of new C-C bonds by 
oxidation. 


3.1. Olefin Arylation 

Equation (24) gives the general reaction which is known as olefin arylation: 

R‘CH = CH, + ArH-► R‘CH = CHAr (24) 


where 


ArH 



X or R 


2 


This was first discovered independently by Heck 35 and Moritani. 36 ' 37 It was found that 
the [Pd,Cl 4 (styrene) 2 ] ir-complex reacted in a benzene-acetic acid solvent to give trans- 
stilbene and some 1-acetoxyethylbenzene: 


Ph —CH = CH, 


I 

Pd 


Cl 


\ 


Cl 


Ph 


H 


+ PhH 


C = C 


OAc 

I 

+ Ph — CHMe 


Ph 


(25) 


1 ^ 2 


The 1-acetoxyethylbenzene arises from a nonoxidative reaction with acetic acid which 
can be eliminated by using palladium(II) acetate or adding NaOAc. 38 

This reaction has been found to be effective for many different olefins and aryl groups. 
For example, benzene and ethylene give styrene and stilbene 39 : 

C,H 4 + C 6 H 6 —- a ‘° A h CI; . H : C = CPhH + PhCH = CHPh 


whereas substituted olefins give only styrene derivatives 40 and some unsaturated esters and 
no stilbene derivatives. Olefins with electron with drawing groups (X) undergo arylation at 
the unsubstituted carbon 41 : 


XHC = CH 2 


PdlOAc 


CH 3 = CHPh 


AcOH 
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TABLE II. Olefin Aryiation—Variation of 
Product Distribution with Aromatic Substituent 



Products irans-XC 6 H 4 CH 

= CHPh 

Substrates XPh 

O' 

m- 

P- 

C 6 H 5 OMe 

30% 

5% 

48% 

C 6 H 5 NO, 

4% 

29% 

4% 


Substituted benzenes give stilbenes of ortho-, meta-. and para -orientation depending on the 
substituent (Table II): 

CH, = CHPh 4- X — Ph-- trans-XC 6 H 4 CH=CHPh 

Heterocyclic five-membered ring compounds react to give both mono- and di-olefin 
products 42 ; for example, 22 gives 23 and 24: 


Q + PhCH = CH, -■ ^cH.CHPh 

22 23 

x = 0, S PhCH = CH'^X'^CH = CHPh 

24 

Cyclic olefins lead to a mixture of positional isomers in the product. 45 For example, 
cyclooctene gave 25-28 with benzene: 



6 % 8 % 12 % 2 % 

25 26 27 28 


Olefin aryiation can also occur internally 44 and 30 can be made from 29: 
Ph 

Ph —C —CH = CH 2 
Ph 
29 



Olefin arylations can be performed catalytically using Pd(OAc) : under an oxygen 
atmosphere in the presence of Cu(OAc), or Ag(OAc). 


3.1.1. Mechanisms 

Two mechanisms have been proposed for olefin aryiation. the aryl palladation and the 
vinylic mechanism. 
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(i) Aryl palladation 19 : 

PhH + Pd(OAc) : Ph - Pd - OAc + HOAc 


Ph —Pd —OAc+ C = C 

/ 

H 


Ph — C — C — Pd — O Ac 
/ 

H 


Ph —C = C + HPdOAc 


{ii) Vinylic mechanism: 


Ph-Pd(OAc) 2 " + 


AcO HOAc 


C = C 


slow 


Pd 


-Pd 


Ph-C 


C- 


H 


C = C 


Evidence has been produced for both mechanisms, but on balance the aryl palladation 
pathway seems to be the most likely. 45 


3.2. The Heck Reaction 

The Heck reaction is a synthetically useful variation on olefin arvlation which uses main 
group organometallics, principally mercurials, to prepare organic complexes of palladium 
(II) in situ , which can then be used to substitute for vinylic hydrogen in olefins. A simple 
example is the reaction between phenylmercuric chloride and ethylene in the presence of a 
palladium! II) salt: 


PhHgCl + C, H 4 + Li, PdCl 4 

-► CH, = CHPh + Pd° + HgCl, + 2LiCl + HCl (26) 


Unlike the palladium-only arylation system, there is little doubt that this reaction goes by 
the aryl palladation mechanism involving c/'s-addition of R — Pd — X and cis-elimination of 
H-Pd-X. 

This reaction extends to substitution by any organic group which does not contain a 
/(-hydrogen. Groups with /(-hydrogen cannot be used since rapid Pd(II) hydride elimination 
to give olefin prevents formation of the organopalladium intermediate: 

H 

II \ / 

— C —C—Pd“-► C = C +HPd“ 

II / \ 


The advantages in synthesis of this method are that the reaction goes more readily, often 
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specifically. Mercurated compounds can be used to prepare specifically substituted products; 
dimercurated materials can also be used to prepare disubstituted products, for example. 



HgOAc 
Me 


HgOAc 


+ 2CHj = CHCO,Me 


Pda, 

McCN 


CH = CHCO,Me 
Me X,Me 

oC (27) 

^T^CH^CHCOj Me 
Me 

32 


The following solvents have been used in the Heck reaction: methanol, ethanol, acetone, 
acetonitrile, and acetic acid. The reaction can be made catalytic in palladium by using 
Fe(N0 3 ) 3 , Hg(N0 3 ) : , Hg(OAc) : , or CuCK as reoxidants in the presence of air. If CuCl : is 
used, saturated chlorides are formed which can be made the main products by suitable 
variations in conditions. For example, phenyl mercuric chloride gives /1-chloroethyl- 
benzene. 46 This reaction is related to the formation of /J-chloroethyl derivatives (see Sec¬ 
tion 2). 

The phenylation of cyclic olefins by this method gives all isomers except the 1-aryl- 
l-olefin isomer. 

The Heck reaction has been utilized in many useful synthetic reactions. For example, 
Z-l-phenylpropene (33) is converted into Z-l,2-dipheny!prop-l-ene (34), 47 showing a formal 
inversion of stereochemistry: 


Ph 

PhHgOAc + Pd(OAc) 2 -tX===/ 33 

CH ,CN. 30 J C 


H PhCHj U H Ph Ph CH 3 

AcOPd Ph AcOPd H 


Ph Ph 

\ _ / 


A 


34 


CH, 


89% 


Likewise £- 1-phenylpropene goes to E- 1,2-diphenvlprop-1 -ene. The stereochemistry is 
inverted by virtue of the cis-addition of Ph — PdOAc and the cw-elimination of H — PdOAc. 

An efficient synthesis of pterocarpin 48 (35) uses this method. This also illustrates an 
intramolecular trapping of the <x-palladium intermediate resulting in cyclization. 

Another interesting example is the reaction of benzo(b)furan (36), which can react either 
as the arene to give 37 4 ‘' ,5 ° or as the olefin to give 38. 
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A disadvantage of the Heck reaction is that many of the main group organometallics 
needed for use as starting materials are inaccessible and even when available must be used in 
stoichiometric quantities. 

Another interesting and useful method has been developed which overcomes these 
problems but is closely related to the original Heck reaction. This involves the preparation of 
organopailadium complexes from organic halides 51 ' 52 ' 53 and palladium(O) phosphine com¬ 
plexes instead of from organic mercurials and Pd(II) compounds: 

RX + Pdf PR 5 )„-► RPd(PR0 : X + (« —2)PR} 

The reaction then formally proceeds as shown: 

H . ” 

RPd(PR‘ 3 ) 2 X + -► R —C—C —Pd(PR' 3 ) 2 X 



+ HPd(PR‘ 3 ),X +PR' 3 

i 

Pd(PR 1 3 ) n 4- HX 


( 28 ) 


The system is made catalytic by the addition of base to remove HX from the final 
equilibrium: usually triethyl- or tri-n-butyi-amine is used. 
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As before the method can only be applied to organic precursors with no /3-hydrogen, i.e.. 
aryl, heterocyclic, benzylic, or vinylic halides. The following generalizations can be applied to 
the reaction: 

(i) The organic group of RX adds predominantly to the least substituted carbon of 
the double bond; addition to the other carbon occurs only if steric factors are 
similar. 

(ii) The reaction is stereospecific for 1,2-disubstituted alkenes, proceeding by a cis- 
addition, cw-elimination sequence. If there is a choice of hydrogens for 
elimination, the most stable products are preferred and the most hydridic 
hydrogen tends to be lost. 

(iii) Generally, organic bromides do not undergo the reaction well unless the catalyst 
is a triarylphosphine or secondary amine complex. Organic iodides do not require 
the phosphine or secondary amine. Organic chlorides do not undergo the reaction 
under the usual conditions. 

In some cases special variations are needed. For example, the nature of the triaryl¬ 
phosphine in Pd(PAr 3 )„ is not usually critical except in reactions of aryl bromides possessing 
strong electron-donating groups, where tetraarylphosphonium bromides are rapidly formed 
in a side reaction causing decomposition of the catalyst to inactive Pd°. This can be over¬ 
come by using sterically hindered tri-o-tolylphosphine. In most reactions the phosphine 
required is usually at a level of two equivalents per palladium. 

Another variation on the method can be used to extend this type of reaction to olefins 
without an activating carboxyl. A deviation from the usual conditions is necessary because 
substitution, by this method, into olefins CH 2 = CHR, where R is not an activating carboxyl 
or nitrile, is very slow. This is because the newly formed adduct between the vinylpalladium 
halide and olefin undergoes /3-elimination and the hydride adds back on to the newly formed 
double bond to give an allyl palladium derivative (39), whereas if an activating carbonyl or 
nitrile is present the a-hydrogen is acidic enough to be removed by a tertiary amine. When 
no activating group is present a more basic secondary amine is added which displaces the 
/3-hydrogen to form a tertiary allylic amine and the palladium(O) triarylphosphine: 


s ^ v Pd(PR' 3 ) 2 X + 



R 



Pd 

/ \ 

PR', X 


39 


PR' 3 

HPdX 



R 
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The amine function can then be removed by Hofmann eiimination. hydrogenolysis, or a von 
Braun-type reaction. 

These reactions can have very wide applications: the following reactions (which use 
approximately one mole per cent of catalyst I indicate the range. 

(i) To illustrate the selective use of iodo and bromo organics to give highly specific 
reactions 52 ; 2-bromostyrene and 2-iodonitrobenzene react with palladium acetate catalyst to 
form only £-2-bromo-2'-nitrostiibene (40). 



In the absence of triphenylphosphine only the organic iodide is active. Similarly 
4-bromoiodobenzene and methyl acrylate in the presence of Pd(OAc), form £-methyl- 
p-bromocinnamate in 76% yield. 

(ii) Heterocyclic halide compounds may also be used 54 for example to form (41): 


COCH 3 

/ 

N 

Br 


+ CH, = CHCO,CH, 


1 : 2 

Pd(OAc)j + 2P(o*tol), 
100°C. 6 h 


COCH, 

/ 



co 2 ch, 


(iii) Heterocyclic rings, e.g., 42 or 43, can be formed from the appropriate 2-substituted 
vinylic or aryl-halides 155 : 


CO,Me 


NH, 


( 


CO-.CH, 


+ EtiN 


PdlOAc), 


CO,CH, 


CH,CN. 100’C. 2h 


N-^o 

H 


CO, Me 71% 




N OH 

42 

-pMeOH + EtjNHI 
Ph 


or 


CO,H 
+ Et,N 


Pd(OAc), 


NH, 



N OH 


43 

+ H,0 + Et 3 NH + I 


CH,CN. 10O"C. 27 h 
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(iv) An example that illustrates the use of a secondary amine to allow the inclusion of 
olefins with no activating group is 53 the formation of the 12-hydroxydecadienes (44) and 
(45): 


^Br + 


-OH 


+ 2 



Pd(OAc) : + P(o-toil, 
100 J C. 7 h 


O N 


Mel 


OH- 

A 



45 

(v) Recent work by Heck gives a convenient synthesis of conjugated dienals. 56 For 
example. 


MeO,C 


Br 




CHfOMe), 


+ Et,N 


PdlOAcl. -i- 2P(o-toII, 
IOO”C. 12 h 


Me0 2 C^^ CH(OMe ' 2 +E‘3N^HBr- 

46 

(vi) Another extension of this reaction gives 2,4-dienoic acid derivatives, 57 for example 
47: 




Br 


+ 


-CO, Me 
^ x CO,Me 


+ Et,N 


PdfOAc), + 2P(o-tol), 
I00°C. 48 h 


CO 2 Me 


+EtjN + HBr- 

CO,Me 

47 


In summary the advantages of the vinylic substitution reaction using organic halides are 
(i) The reaction can usually be achieved in one step. 
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(ii) The reaction occurs under mild conditions and is not affected by water or air. 
(Inert atmosphere is preferred where phosphines are used.) 

(iii) The reaction is regioselective and stereospecific. 

(iv) The reaction is tolerant of almost every function (see Section 5.1). 


4. AROMATIC SUBSTITUTION REACTIONS 
4.1. Arene Coupling and Related Reactions 

The oxidative coupling of aromatic compounds under the influence of Pd 11 was first 
reorted by Van Helden and Verberg 58 in 1965 who found that biaryls were formed in acetic 
acid: 


2ArH + Pd"-► Ar-Ar+ Pd° + 2H + (29) 

In general 59 it has been found that aromatics treated with PdCl : and NaOAc in acetic acid 
give biaryls in yields of between 25% and 81 % [based on Pd(II)] depending on the starting 
material. Reaction does not occur in the absence of NaOAc. If palladium acetate is used 
acetoxylations of the side chains and ring also occur, 60 61 62 but in this reaction the addition 
of HC10 4 increases the yield of coupled products by suppressing acetoxylation. 60,62 The per¬ 
centage acetoxylation can be increased by the addition of alkali metal acetates. 62 

The overall yield of coupled products also varies with the form of PdfII) used. 
Pd(OAc) : in acetic acid and PdCl-, with NaOAc in acetic acid can lead to some 
acetoxylation as well as oxidative coupling. Palladium trifluoroacetate in trifluoroacetic 
acid 63,64 gives mainly coupled products with some phenols which arise from hydrolysis of 
aryltrifluoroacetates during the work-up procedure. However, in the strongly acidic media of 
trifluoroacetic acid or acetic acid/HC10 4 attack at the side-chain often occurs. For example 
phenyl(tolyl (methane is found in the reaction of toluene with Pd(OAc) ; in acetic and 
HC10 4 . 62 Neither palladium bromide nor iodide in acetic acid gave oxidatively coupled 
products with aromatics, 58 while palladium nitrate gives mainly acetoxylation and nitration 
products. 65 

Oxidative coupling is facilitated by the presence of electron-donating substituents and is 
retarded by electron-withdrawing substituents on the aromatic ring. 58 This is the same trend 
as that shown for aromatic electrophilic substitution. However, the isomer distribution from 
substituted aromatics shows an unusually high proportion of me/a-substitution products 
even when the groups are para-directing. This distribution is unaffected by added metal salts 
and compiexmg agents but is strongly temperature dependent. 66 Steric effects are also very 
important in determining products. With mono-substituted benzenes all six biaryl isomers 
are produced, but the 2,2'-isomers are usually present in very small quantities, the main 
products being the 3.4 - and 4,4'-isomers. 59 

Aromatic heterocycles also undergo oxidative aromatic coupling under the influence of 
Pd(II), provided that they do not form inert complexes with Pd(II) through their 
heteroatoms. Restrictions on the range of coupling reactions undergone by these compounds 
result from the properties of individual classes of heterocycles: for example, furan derivatives 
undergo ring opening in aqueous mineral acids 67 ; otherwise, the conditions for coupling 
heterocycles are similar to those used in other aromatic coupling (see Table III), but 
heterocyclic aromatics have a higher reactivity. Heterocycles can be coupled in a wide range 
of solvents such as acetic acid, DMF, and ethanol, as well as in mixed solvents and in basic 
aqueous media. 6869 

The reactivity of 2-substituted furans decreases with substituent as follows: H, CH 3 , 
CHO > COOMe. COOEt, CH(OOCCH 3 ) : > COOH. Furan and thiophen can be coupled 
together to give 2-(2'-furyl)-thiophen and a small amount of 3-(2'-furyl)thiophen. 



TABLE III. Some Representative Examples of Arene Coupling Reactions 
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" Yield based on palladium. 
h Palladium(ll) turnover numbers. 

' Reaction in the presence of acetylacelone under 150 atm 0 2 : 
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The use of oxidative coupling of pyrroles and indoles is a route to naturally occurring 
compounds. 70 such as 3.4,5-tribromo-2-(3,5-dibromo-2-hydroxyphenyl)pyrroie, which have 
previously been prepared by longer synthesis. It was found that 1-benzoylpyrrole in acetic 
acid with 1 equivalent of palladium acetate gave the ring closed compound 48 after refluxing 
for 14 h, but in the presence of benzene 49 (25%) and 50 (20%) were obtained. However. 
1-benzoylindole gave only 51: 

o 

k isr 

i 

Bz 

Pd<OAc) 

AcOH 

Benzene 

Ph'-^Jq^'' Ph 

I 

Bz 

49 


1 

COPh 


Mercury(II) salts promote the coupling of arenes and of aromatic heterocycles. For 
example, in the coupling of thiophen, addition of mercury(II) increases the yield of 
bithienyls, while in the coupling of alkylbenzenes the addition of mercury(ll) increases the 
amount of the 4,4'-isomer produced. 66 Electrophilic mercuration of the aromatic occurs more 
easily than palladation, and mercury, being larger, has a more marked preference for para- 
substitution. The aryl-mercury complex undergoes exchange with Pd(II) and the reaction 
then proceeds in the usual way. For instance, in the preparation of 4,4'-bitolyl the ideal Hg 11 : 
Pd 11 ratio is 2:1: 





Me 

Me 

Me 



6 

Hg+Pd(OAc) ; - 

-► Hg + 

+ 


OAc 

¥ 

Me 


Me 


[1 mol] [0.5 mol] 


[ 1 mol ] [0.5 mol ] [0.5 g atom ] 


The rate of mercuration is increased on addition of a strong, noncomplexing acid; HC10 4 is 
often used. The use of Hg(ll) is illustrated by the synthesis in Example 5 of Section 7, 
described by Unger and Fouty. 66 

In an attempt to achieve better stereochemical control, aryl iodides have been used in 
coupling reactions in basic media 71 : 


2ArI 


Ar, 


base/Pd 1 


(30) 
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Only catalytic amounts of Pd(OAc) 2 are then required. Coupling always occurs at the iodide 
position, but some iodine is lost. A typical reaction described by Norman 71 et al. is given in 
Example 6 of Section 7; however, the yields are depressed by the formation of an insoluble 
high molecular weight material, and, for mixed systems, the selectivity is only modest. 

Some useful internal oxidative coupling reactions have also been found to occur, for 
example, 52 ->53 72 : 


R 


X 

52 


As with many palladium catalyzed oxidations, aromatic coupling reactions can be made 
catalytic by the use of suitable reoxidizing agents for palladium. Some compounds which 
have been used include CuCi 2 , iron(II) salts, 73 and V ; 0 5 . 74 Copper(II) salts tend only to be 
useful for the more reactive heterocyclic systems, and require Cl - concentrations of about 
1 M in aqueous solution, which, as for other systems, can lead to chlorinated side products. 
V 2 0 5 has been used only for thiophen coupling. The most interesting co-catalysts for 
aromatic coupling are mixed heteropoiy acids of the type H it „PMo 12-n^nO«>> which 
appear to have few of the drawbacks of CuCl 2 . 

It has also been found that palladium! II) can be regenerated by oxygen without a 
co-catalyst during oxidative aromatic coupling. 58 The yield and rates of these reactions 
depend on the anion; C10 4 ~ is twice as active as ~OAc. [CAUTION: PERCHLORATES 
ARE HIGHLY DANGEROUS AND CAN LEAD TO EXPLOSIONS.] The pressures of 
0 2 vary between 1 and 50 atm depending on the reaction; the yields of coupled products 
usually increase with 0 2 pressure to 50 atm. The use of 0 2 as a reoxidant for palladium is 
also found to suppress acetoxylation reactions. 78 When 0 2 is used as a reoxidant it is found 
that addition of complexing agents such as acetylacetone and ethylenediaminetetraacetic acid 
increases the yields. 79 It is also found that the addition of polar solvents, inorganic acids, 
alkali metal acetates, and some ligands such as halides reduce the yield of coupled 
products, 80 frequently to zero. 

Table III lists a variety of coupling reactions, the conditions needed, and the yields 
obtained. 


4.2. Aromatic Acetoxylation Reactions 

Nuclear aromatic acetoxylation reactions were first discovered by Davidson and Triggs 
in 1968 61 : 



+ Pd 11 + oxidant 


AcOH 


R 


OAc 

+ Pd° + reduced oxidant 


(31) 


In 1971 Henry 82 showed that acetoxylation only occurred in the presence of a second 
oxidant such as Cr(VI), Pb(OAc)„, NaC10 3 , KMn0 4 , NaNOj, or NaNO,; of these, 
Cr(VI), in the form of K 2 Cr 2 0 7 was the best. In some cases 0 2 at 50 atm could be the 
second oxidant. In the absence of a second oxidant only coupled products are formed. Henry 
also reported substitution into the aromatic ring by N 3 ~, Cl~, N0 2 ~, Br _ , CN _ , and 
SCN - , the nucleophile being introduced as an alkali metal salt. 

A detailed study of aromatic acetoxylation was carried out by Eberson and co-workers, 
who found that the addition of metal acetates favored the formation of side-chain 
acetoxylation products. 83 For example, /7-xylene with added sodium acetate gave /7-methyl 
benzyiacetate in refluxing acetic acid in the presence of oxygen. In the absence of added 
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acetates 2.5-dimethylphenyl acetate was the main product. It was also shown that with 
mono-substituted aromatics reversal of the normal isomer pattern for electrophilic sub¬ 
stitution occurred. 84 That is, with mcra-directing substituents mainly ortho- and para-sub¬ 
stitution was observed and with para -directing substituents mainly meta-products were 
produced. For example, with anisole {ortho-, para-directing) 97% of the product was meta-. 
and with methyl benzoate (meta-directing) the product distribution was o-44%, m-35%, 

p-21%. 

Yields of aryl acetates can be increased by the addition of a strong acid such as 
MeSOjH. As with coupling, aryl mercury compounds, preprepared or made in situ, can be 
used as starting materials. This does not increase the yield but does increase the selectivity 
towards para-substitution, particularly where the aryl mercurial is preformed. A remarkably 
clean acetoxylation reaction has been found 85 using palladium!II) complexes with bipyridine 
and potassium peroxydisulphate, and in this the preference for me/a-substitution is retained. 

Some examples to illustrate the above points follow. 

The usefulness of aromatic acetoxylation reactions is limited by slow rates, side reac¬ 
tions, and the need for expensive oxidizing agents. However, it can be a useful method for 
producing aromatic acetates not available by other means. 

From the examples already described it is obvious that coupling and acetoxylation of 
aromatics are closely related. The interchangeable nature of these reactions is illustrated in 
Example 11 in Section 7. 


4.3. Mechanisms 


The relationship between coupling and acetoxylation is also reflected in the mechanisms. 

It is generally agreed that a common intermediate is responsible for coupling and 
acetoxylation reactions; this intermediate gives mainly coupled products in the absence of 
added oxidant and nuclear acetoxylation products in the presence of an oxidant. Most 
evidence 59 ' 82 ' 86 points to a a -aryl palladium intermediate (54); 


R 



PdX 

54 


Eberson and Gomez-Gonzaiez proposed 87 an initial 7t-complex (55) which gave different 
intermediates; 



but in the light of recent work 86 this seems unnecessary and palladation to a common inter¬ 
mediate 54 is more probable. 

The path from this common intermediate is less well agreed. For coupling it is thought 
that the rr-aryl palladation intermediate can attack another aromatic which behaves like an 
olefin, giving, for example, 56 or 57, which then give the observed products 
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Alternatively, the second step is a 
proceeds via 58 


further aromatic palladation of lower selectivity and 

R 



Biphenyls 


Both these routes account for the formation of 2,4'-, 3,4'-, and 4,4'-isomers. Recently it has 
been proposed, on the basis of kinetic effects, 86 that the second route is the more likely. 

For acetoxylation reactions there are again several proposed pathways. The differences 
are based on the role that the oxidant is thought to play. 

If the oxidant simply acts as an electron sink and aids the removal of palladium from 
the aromatic ring, an intermediate step involving a species such as 59 is proposed: 



OAc + Pdf II) + reduced oxidant 


The oxidant can also be regarded as oxidizing the <x-aryl intermediate to a palladium (IV) 
species (60) 86 as follows: 


jg^Pd(OAc) jg^-PdlOAc), — 0- 


60 


OAc 
R 

+ 

PdfOAc), 


Eberson and co-workers proposed the formation of the intermediate (61 ), 87 
R-(^> + PdfII) +OAc’ - 


-HPdOAc 


*0* audio! 

' rOAc 
H 
61 


OAc 


which readily explains the reversal of the expected isomer distributions. Here the oxidant 
simply aids in the loss of HPdOAc. 


5. OXIDATIVE CARBONYLATIONS 
5.1. Oxidative Carbonylation of Olefins 

Oxidative carbonylation of olefins was first reported by Tsuji, who found that 88 ' 89 


RCH = CH-, + PdCl, + CO 


C»H» 


RCHC1CH-.COC1 
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Loss of HC1 from this product would give acrylic acid or substituted acrylic acids, which are 
very desirable products. 

Fenton found that in acetic acid 90 acrylic acid and /f-acetoxyacrylic acid were the 
products from ethene: 

C 2 H 4 + CO + PdCl, > CH, = CHCO,H + AcOCHXHXO.H + Pd° + 2HC1 (32) 

This reaction can be made catalytic by the addition of CuCl, in the presence of air. but this 
causes the production of CO, (see Section 6) with water. Another side product resulting 
from the presence of water is acetaldehyde, hence dehydrating agents such as triethyl formate 
are used to reduce the amount of CO, and acetaldehyde formed. 

Carbonyiation can also be carried out using alcohols as solvents 91 : 

c,h 4 + co + roh + o, 

— PdC ' ;i > CH, = CHCO,R + ROCHXHXO,R + ROXCHXHXO,R (33) 

CuCh “ - ___ “ " “ " 

The reaction takes place at a total pressure of about 1000 psig. If the CO:C ; H 4 ratio is 1 
then succinate is the main product, but if the ratio is 0.5 acrylate esters are the main 
products. 

The carbonyiation in methanol of several olefins has been studied by James and 
Stille. 92 ^ 95 The reaction was found to be stereospecific. 94 cw-but-2-ene giving the threo- 
li- methoxy ester and the meso- diacid ester, while /ra/is-but-2-ene gave the erythro- and the d-, 
/-isomers, respectively. Under neutral conditions the fl -methoxy ester was the predominent 
product, but with added NaOAc the succinate ester became the main product. Scheme 2 
shows the products from hex-l-ene carbonyiation 95 : 


SCHEME 2 



Cyclic olefins give trans-fi -methoxy esters and as-1,2- and -1,3-diacid esters. The ratio of the 
products depends on the CO pressure and on the presence or absence of base (e.g., NaOAc). 
An example is reported by James and Stille. 95 

As with other palladium catalyzed oxidation reactions, alkyl mercurials can be used as 
starting materials to give carboalkylation 9f ^ 98 : 


Hg(OAc) : + CO + ROH 


AcOHgCO, R + AcOH 


(34) 
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n PdXs / 

AcOHgCO,R+ C = CH-— RO,CC = C +HgX, + HOAc (35) 

‘ / \ \ 

This reaction has the advantage of giving fewer different products. With cyclic olefins 2-, 3-, 
and 4-carboalkoxyoiefins are the products, whereas vinyl-substituted olefins give the carboxy 
group on the unsubstituted carbon. If the step involving palladium and olefin is carried out 
under CO pressure the products are succinates. 

The carboalkoxymercuric acetate is prepared by the method of Schoeller et al ." This is 
used as illustrated in Example 13 in Section 7. 


5.1.1. Mechanisms 

The two proposed mechanisms for oxidative carbonylation of olefins are shown in 
Scheme 3. 


SCHEME 3 


(i) Pd(Il) + X + C = C 


\ / 

Pd(II) —C-C-X 


H 


H 


\ / 

Pd(II) —C —C-X + CO 

/ \ 

H 



Pd(II) —C —C —C —X 

H 

x- 


O O i 

I! _ HX II I I 

XCC = C <-XC-C-C-X + Pd 0 


H 


(ii) Pd(II) + X “ + CO 


O 

II >-< „ I I 

XCPd(Il) -4- ^ Pd(II)C —CCOX 

I I 

H 
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5.2. Oxidative Carbonvlation of Aromatics 

Insertion of CO into arylpalladiumfll) bonds to give aromatic acyl compounds has been 
known for a long time. 100 The products of these reactions vary with solvent and structure. 
The yields can be increased by running at higher temperatures and pressures; further, 
acetates react more readily than chlorides. An example is given in Eq. (36) l0 ‘: 



25% 


Aryl mercurials can also be used as starting materials 102 ' 103 : 

RC 6 H 4 HgCl +CO + R‘OH + PdCl, 

— Ialm/25 ° C > RC 6 H 4 CO ; R l + Pd°+HgCl J + HCl (37) 

Here the CO always enters at the position where the mercury was. At higher CO pressures 
diaryl ketones become the major products. The aryl mercury compound can be made in situ 
and the reaction can be made catalytic by the use of CuCL and air. 

Carbonvlation does not occur in the absence of aryl-metal intermediates, but aromatic 
halides can be used in the same way as for olefin arylation (see Section 3.2). Aryl halides 
(ArBr, Arl) react with CO in the presence of Pd(II) catalysts and a base to give carboxylic 
acid derivatives. The CO adds to the carbon to which the halide was originally attached. 


6. SOME REACTIONS OF ALCOHOLS 

6.1. Oxidation 

It has already been noted, in the section on olefin oxidation in alcohols, that PdCl 2 will 
oxidize alcohols to aldehydes and to acetals in the presence of excess alcohol 104 : 

PdCl, + EtOH-> EtOPdCl-► MeCHO E '°^ MeCH(OEt) 2 (38) 


This reaction is slower than the corresponding ethylene oxidation. The oxidation of ethanol 
can be made catalytic in aqueous solution by the use of CuCl : as a co-catalyst in the 
presence of air. 105 It was found that the oxidation was better in alcoholic solvents 106 with the 
use of Cu(N0 3 ), as a co-catalyst. 
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Davidson 1117 carried out the oxidation of alcohols with PdS0 4 under O, pressure and 
found that primary alcohols gave the acids, whereas secondary alcohols gave ketones: 


EtOH 


PdSO. 

O; 


AcOH 


(39) 


EtCHCH,Et-► EtCCH : Et 


(40) 


OH 


O 


6.2. Oxidative Carbonylation 

Alcohols can also be oxidized with palladium (II) salts in the presence of CO to give 
carbonates and chlorocarbonates at lower pressures 108 : 

CO+ROH —CO(OR) 2 + CO(OR)Cl (41) 

and oxalates at higher pressures 109 : 

PdCl, + 2CO + 2ROH—» R0 2 CC0 2 R (42) 


These reactions can be made catalytic by the use of a co-catalyst; the best co-catalysts were 
found to be copper(II) salts, usually CuCl,. The reaction at lower CO pressures can be 
tuned to give mainly chlorocarbonates by the addition of LiCl or the carbonate if a small 
amount of Na 2 C0 3 is added. 

The higher-pressure reactions require the addition of drying agents such as triethyl for¬ 
mate since CO- becomes the main product in the presence of water: 

2CuX 2 + CO + H 2 0 —2CuX + CO, + 2HX 110 (43) 

Acetate is another side product in this reaction and arises from the oxidation of the 
alcohol to acetaldehyde and eventually acetate as previously described. 

A typical reaction for the production of oxalate uses PdCl, and CuCl, in a ratio of 1:6 
in equal volumes of ethanol and triethyl formate and pressure of about 1000 psig CO with 
O, added in small increments. In view of the potential hazards of this procedure it should only 
be attempted bv highly experienced workers. For ethanol the percentage yield of carbonate 
and oxalate is 81 % of the total, of which 47 % is oxalate and 33 % carbonate. 

The use of FeCl 3 as a co-catalyst increases the proportion of oxalate, but large amounts 
of acetate are also produced. 

The proposed mechanism for oxalate formation is shown in Scheme 4. 


SCHEME 4 


ROH 


Pd" + CO + ROH 


RO,CCO,R + Pd° + 2H 


Pd 
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7. EXAMPLES* 

Example 1: l-Hexene to 2-Hexanone (Ref. 20). Mercuric acetate (2 mmol) and 
hex-l-ene (2 mmol) are stirred at 25°C for 15 min in methanol and then added to a stirred 
methanolic solution of copper(II) chloride (6 mmol) and Li 2 PdCl 4 (0.2 mmol). At 65°C a 
quantitative yield of 2-hexanone is obtained after 30 min. In the absence of CuCl 2 , 
equimolar quantities of Li 2 PdCl 4 in methanol give a quantitative yield of hexan-2-one after 
2 h at room temperature. 

Example 2: Oxidation in Glycol to Give 1.3-Dioxolanes (Ref. 45, p. 134). A solution of 
anhydrous Hg(OAc) 2 (1 mmol), olefin (1 mmol), and p-toluene sulfonic acid (10 mmol) in 
equal volumes of anhydrous ethylene glycol and anhydrous THF is stirred. It is allowed to 
stand at room temperature for 0.5 h and is then poured into an equal volume of anhydrous 
THF containing CuCl 2 (3 mmol), Li 2 PdCl 4 (0.1 mmol), and Li 2 C0 3 (0.3 mmol). The 
mixture is then heated (at 64°C/0.5 h), and cooled to room temperature. The ketal product is 
isolated by pouring the solution into aqueous ammonia (50% v/v), extracting with ether, 
drying over MgS0 4 , filtering, and evaporating under reduced pressure. The residue can then 
be distilled. For example, hex-l-ene gives 2-butyl-2-methyl-l,3-dioxolane in 77% yield. 



16 17 


Example 3: (S)( + ) 2-Vinyl-2,3-dihydrobenzofuran (16) (Ref. 31). Complex 14 
(0.526 g, 0.87 mmol as dimer) and Cu(OAc) 2 (0.317 g, 1.75 mmol) are added to a flask 
which is connected to an 0 2 supply. The flask is flushed with 0 2 and then a solution of 
tra/ii-2-(2-buteny!)phenol (2.59 g, 17.5 mmol) in anhydrous methanol (35 ml) is added with 
stirring. After 4.5 h the reaction mixture is extracted with ether, washed with water and 
sodium chloride solution, and dried over Na,S0 4 . The solvent is removed under vacuum 
and the residue chromatographed on a short alumina column with hexane as eluant. A total 
yield of 2.0 g (77%) of a mixture of 16 and 17 is isolated, of which 83% is 16. 

16 and 17 can be separated by preparative TLC (Si0 2 , hexane/toluene = 4/1). 16 is 
found to be 18% optically pure. 


Example 4: l,3,5-Trimethyl-2,4-bis(l-methoxycarbonyl-2-ethenyI)-benzene (32) (Ref. 
35). The dimercurial (31) is prepared by the reaction of mesitylene (20 ml) mercuric acetate 
(64 g), methanol (100 ml), and 70% perchloric acid (1 ml). The mixture is refluxed for 1 h, 
cooled, and filtered. The filtrate is cooled in a solid-C0 2 /acetone bath, the crystals are collec¬ 
ted and dissolved in hot chloroform (300 ml); the solution is then filtered and the product 
precipitated with pentane giving 19 g of product (31) m.p. 224-227. 

A mixture of the dimercurial (31) (3.26 g), methyl acrylate (5 ml), and an equimolar 
quantity of Li 2 PdCl 4 in acetonitrile (100 ml) is stirred at 20°C overnight. The palladium 
metal is precipitated and filtered off; the filtrate is concentrated under reduced pressure 
leaving an oil which is crystallized from aqueous methanol to give 0.2 g (12%) of colorless 
plates of l,3,5-trimethyl-2,4-bis(l-methoxycarbonyl-2-ethenyl)benzene (32). 


Me 


CH=CHCO,Me 

A^Me 

DC 

v Y'^CH=CHCO,Me 

Me 

32 


All examples are quoted with permission of the copyright holders; see appropriate references. 
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Example 5: Coupling of Toluene to Bitolvls (Ref. 66). Mercuric(II) acetate (3.1 g, 
0.01 mol) is added at 25 °C to a mixture of toluene (9.2 g, 0.1 mol) and acetic acid (6 g, 
0.1 mol). On addition of HC10 4 (1.25 ml) mercuration occurs rapidly and is complete in 
5 min. Then PdCl, (0.44 g, 0.0025 mol) is added. Palladium is filtered off after 30 min. g.l.c. 
analysis shows the products to be 3,4'-bitolyI (35%) and 4,4'-bitoly! (60%). If excess 
Hg(OAc), is used, yields of bitolyl of 100% based on palladium can be achieved. 

Example 6: Coupling of lodobenzene and lodotoluene (Ref. 71). A mixture of iodoben- 
zene (20 mmol), 4-iodotoluene (20 mmol), palladium acetate (0.48 mmol), and triethylamine 
(20 mmol) is stirred for 48 h at 110-120°C. Water is then added and the solution extracted 
with ether. The ether extract is washed with 2 M HC1 and water and dried over K,C0 3 . 
Removal of solvent leaves an orange oil which can be shown by g.l.c. to be 19% biphenyl, 
9% 4-methylbiphenyl, and 10% 4,4'-bitolyl (yields based on iodides consumed). 


Example 7: Cyclization of Diphenylether to Dibenzofuran t Ref 72). A solution of 
diphenylether (52; X = O, R = H) (2 mmol) is heated with palladium acetate (4 mmol) in 
acetic acid (86°C, 24 h) until the starting material is consumed. Yield of dibenzofuran (53) is 
90%. The reaction also works well where X = O, NH, CO, or CONH and R = Me, MeO, H, 
Cl, Br, NO,, or CO,H. 

Example 8: Cresol Acetates from Toluene (Ref. 82). Palladium acetate (0.5 mmol) and 
toluene (32 mmol) are heated at 90°C for 16 h in acetic acid (25 ml) containing K.,Cr,0 7 
(15 mmol) and CH 3 S0 3 H (3.1 mmol). 1 mmol of cresol acetate is formed with the isomer 
distribution, ortho-\9%, meta-62%, para- 19%. 

Example 9: Cresol Acetates from p-Tolvlmercurie Acetate (Ref. 82). Palladium acetate 
(1 mmol) and p-tolylmercuric acetate (20 mmol) are heated at 90°C for 16 h in acetic acid 
(25 ml) containing LiOAc (25 mmol) and K,Cr 2 0 7 (15 mmol). 0.4 mmol of cresol acetate 
is formed which is 100% /?ara-substituted. Alternatively the aryl mercurial can be generated 
in situ. Palladium acetate (0.5 mmol) and toluene (32 mmol) are heated at 50°C in acetic 
acid (25 ml) containing K.,Cr,0 7 (15 mmol) and Hg(OAc), (3 mmol) for 22 h. The product 
is cresol acetate (0.16 mmol) with isomer distribution, ortho-6 %, meta-19%, para-15 %. 

Example 10 : Cresol Acetates from Toluene Using Bipyridy(palladium Acetate Catalvst 
(Ref. 85). Palladium acetate (1 mmol) and toluene (10 mmol) are heated at 110°C in glacial 
acetic acid (50 ml) containing 2,2'-bipyridyl (1 mmol) and K,S 2 0 8 (10 mmol) for 4 h. The 
cresol acetate product (1 mmol) has isomer distribution, 3% ortho , 60% meta-, 21% para. 
Benzylacetate (0.22 mmol) is also produced. 


Example 11: Phenyl Acetate or Biphenyl from Benzene (Ref. 82). Benzene (56 mmol) 
and palladium acetate (1 mmol) are refluxed in acetic acid (35 ml) for 16 h. In the absence 
of added oxidant the product is 22% biphenyl based on palladium acetate, but if 
Na,Cr,0 7 2H,0 (15 mmol) is added the reaction gives 403% phenyl acetate and only trace 
amounts of biphenyl. 


Example 12: Oxidative Carbonylation of Cycloheptene (Ref. 95). Cycloheptene 
(50 mmol), PdCl, (2.8 mmol). CuCl, (100 mmol), and methanol (75 ml) are reacted under a 
CO pressure of 3 atm at 28°C. The products are 62 2%, 63 34%, and 64 63%. The total 
yield based on cycloheptene is 58%. 


^ A 


CO, Me 


CO, Me 


C0 2 Me 


OMe 


CO, Me 


CO, Me 


62 


63 


64 
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If NaOAc (100 mmol) is added the total yield is 30% all of which is diacid esters 63 and 64 
in the ratio 80:20. Increasing the CO pressure to 15 atm in the absence of NaOAc increases 
the yield of the 62 at the expense of the 63. The total yield is decreased to 30% and the ratio 
of 64:63 is 33:67. 

Example 13: Carboalkylation with Carboalkoxy Mercury Compounds (Ref. 98). Car- 
boalkoxymercuric acetate 99 (5 mmol) and palladium acetate (5 mmol) are placed in a 
heavy walled Pyrex bottle fitted with a magnetic stirrer. The bottle is capped with a neoprene 
rubber lined cap with two small holes to admit syringe needles. The air in the bottle is 
replaced first by nitrogen and then by olefin (e.g., ethene, propene, or butene). The bottle is 
thermostatted at 30 C C and the olefin pressure raised to 30 psig. A previously prepared 
saturated solution of olefin in acetonitrile (10 ml) at 30°C is transferred to the bottle by 
syringe and stirring commenced. The olefin pressure is maintained at 20 psig with stirring for 
1 h. The pressure is released and the palladium metal removed. The mixture is analyzed by 
gas chromatography. 

If the olefin is a liquid the reaction can simply by carried out in a conical flask with the 
olefin in solution. 
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Silver Carbonate on Celite Oxidations 


Marcel Fetizon, Michel Golfier, Philippe Mourgues, 
and Jean-Marie Louis 


1. INTRODUCTION 

Reactions that take place under heterogeneous conditions suffer from a major drawback 
from the point of view of theoreticians, since generally speaking their mechanism is almost 
totally unknown and very likely difficult to prove beyond reasonable doubt. 

However, some of those reactions have long been used on a preparative scale, even to 
mass produce certain useful chemicals. For instance, although the reaction of methyl 
bromide on magnesium in diethyl ether still largely remains a riddle, many organic chemists 
have no qualms in using Grignard reactions. The same applies to catalytic hydrogenation, 
which, eventually, is a well-established industrial process. The main practical advantage of 
reactions which take place on the surface of a solid virtually insoluble in organic solvents 
relies on the ease of separation of the expected compound, as shown for instance by the well 
documented oxidation of alcohols by manganese dioxide. 1 ' 2 Unfortunately, the scope of the 
latter reaction is more or less limited to allylic or benzylic alcohols. 

A potentially useful oxidizing cation is Ag + , since the redox potential of the reaction 

Ag + +e~ -* Ag° 

(0.8 V) is high enough to convert even saturated alcohols into aldehydes or ketones. 
However, when the oxidation proceeds, the counterion A _ of the original silver salt Ag A 
picks up a proton from the medium, so that the acidity is changed: 

Ag®A e + e~ -* Ag° + A 5 

A e + ROH-» AH+R-0 9 

Hence, with the exception of very simple substrates, most of these reactions are expected to 
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lead to a variety of unwanted by-products. In fact, the use of silver nitrate even in the form of 
a complex with ammonia (Tollens reagent) has been rather limited. 

Obviously, no such complication is expected when the acid AH decomposes spontaneously , 
which logically restricts the field of silver salts as oxidants to silver carbonate. 

Some oxidations have been carried out in the past with silver carbonate. In the course of 
work aiming at the preparation of various glycosides of codeine with the help of the 
Konigs-Knorr synthesis 3 5 consistently poor yields were obtained. 

This observation led Rapoport to examine this well established glycosidation reaction in 
greater detail. He found that codeine could be oxidized into codeinone and methoxymethyl- 
morphine into methoxymethylmorphinone in fair yield.However, no reaction took place 
with dihydrocodeine. Since the cheaper manganese dioxide reagent was also capable of 
oxidizing many allylic alcohols into unsaturated ketones, no further work was apparently 
attempted. Besides, in some cases, successful oxidations were observed with manganese 
dioxide, whereas the same substrates were unaffected by freshly precipitated silver 
carbonate. 9 Unaware of these findings, we attempted to carry out silver carbonate 
oxidations, not with the salt itself, but with a reagent consisting of an inert material, such as 
Celite, coated with precipitated silver carbonate. In sharp contrast with Ag 2 CO,. the new 
reagent was very easily filtered and dried. On coating Celite with silver carbonate we had no 
deeper theory than simply increasing the “active” surface of a given amount of oxidizing 
agent.* 

Naturally, we also hoped that some increase of the reaction rate could be noticed, which 
would have been due to an increase in the entropy of activation, since it is a priori easier to 
rendezvous on a surface than in the open three-dimensional space. The very first result was 
indeed rather encouraging, since androstan-17/J-ol was converted into androstan-17-one in a 
virtually quantitative yield in roughly half an hour in boiling benzene (monitored by TLC, 
product isolated by column chromatography). 10 A thorough investigation of this reaction 
was therefore decided upon, which eventually led to the following results, to be elaborated in 
the next sections of this chapter. 

(a) Primary alcohols lead to aldehydes in generally high yield. No further oxidation into 
acids was ever observed, even when the reaction was conducted under inert atmosphere and 
in benzene or toluene. 

(b) Secondary alcohols lead to ketones, also in good yield but tertiary alcohols are 
unaffected. 

(c) Depending upon the distance between the two OH groups, diols give lactones, 
hydroxy-ketones, or hydroxy-aldehydes. Cleavages of a diols are sometimes observed, but this 
is not a prominent reaction. 

(d) A large number of functional groups may be present without affecting the course of 
the reaction. 

(e) As expected, since a solid is an extremely bulky reagent for a molecule, steric hin¬ 
drance plays a very important role in the course of the reaction. In particular, oxidations of 
polyhydroxysteroids are usually regiospecific. 

(f) The most interesting point is that silver carbonate on Celite is neutral, and that no 
acidic products are formed. Thus, the reaction conditions are extremely mild, and many sen¬ 
sitive compounds may be successfully oxidized. 

Some reviews on Ag oxidations have already been published. 1112 

(g) Recovery of silver is very easy. It decreases sharply the cost of an oxidation on a 
large scale (see Section 4.2). 


Dr. Golfier selected Celite among other candidates simply because a large sample of this filter aid was 
on the shelf right in front of him 



Silver Carbonate on Celite Oxidations 


505 



2. MECHANISM 

Although a detailed discussion of the mechanism of oxidation is beyond the scope of this 
book, a brief comment upon the rather reasonable hypothesis which explains most of the 
observed results seems to be necessary, since it can rationalize the course of many silver car- 
bonate/Celite oxidations. 

The stoichiometry of the reaction is as follows: 

R R 


Ag 2 CO,+ CHOH-► C = 0 + 2Ag + CO : + H,0 


R R 

However, the use of an excess of the reagent is required for the reaction to proceed at a 
reasonable rate.* 

The first step is very likely an adsorption of the substrate on the solid : hence the very 
important role of the solvent. Unless the compound to be oxidized fe.g., a carbohydrate) is 
readily bonded to Celite, which has an only moderate adsorption activity, no reaction takes 
place in polar solvents. For instance, the silver carbonate/Celite oxidation of androstan-3/f-ol 
in benzene proceeds about 1000 times faster than in /-butanol. Except in the case of car¬ 
bohydrates, benzene or toluene have been used almost exclusively. 1314 

The second step is probably a reversible chemisorption, followed by an irreversible and 
concerted one-electron transfer, depicted in Fig. 1. 

In particular, for the reaction to take place, the hydrogen atom which is to be oxidized 
into a proton, must be close to the surface of the solid. Moreover, it is quite reasonable to 
expect the C-H and O-Ag bonds to be coplanar so as to provide the best possible over¬ 
lapping between the molecular orbitals which are involved in the transition state. 

A model of the latter transition state, which has a very high predicting power, is shown 
in Fig. 1. 

If this model is correct, no “local” steric hindrance is to be taken into account: a rigid 
molecule has to be taken as an individual entity, and some bulky groups which might be far 
awav from the hydroxyl function whose oxidation is contemplated may slow down the reaction 
rate, or even, prevent the reaction from taking place. Thus, although 5a-androstan-6/f-ol can 
be smoothly converted into the corresponding ketone, the 6a isomer remains unaffected 
(Fig. 2). 

* A six- to tenfold excess has practically been used in most cases. However, since the oxidation of many 
compounds is extremely clean, the recovery of the expensive silver salt is no great problem: the 
inorganic solid is dissolved in nitric acid. Celite is filtered off. and some nitric acid is evaporated, until 
pure silver nitrate crystallizes out. 
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FIGURE 2. 6a-Androstanol (top) and 6/3-androstanol (bottom). 


These considerations may easily 
illustrated in a next section. Sunko 15 


explain the regioselectivity of polyhydroxysteroids. as 
noticed that the rate of oxidation of norbornenol 1 is 



I 


OH 


roughly 50 times lower than that of the corresponding saturated alcohol. This may be 
explicated by the difference in reactivity of the “doubly anchored” substrate (O - Ag and 
rr • • • Ag bonds) in which the hydrogen to be oxidized is far away from the surface of the 
active solid, and the more loosely “monoanchored" alcohol, in equilibrium with the latter, in 
which this particular hydrogen may easily be reached. 

Similar observations have been made in the steroid and tropane series. Thus, it seems 
that the course of many related oxidations can be predicted on the basis of this simple model 
even if there are still some moot points. 

The rate-determining step of the oxidation, once the right support/substrate relationship 
has been established , is clearly a-hydrogen abstraction. 
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Steric decompression, which we consider as a "local” factor, seems to play a very minor 

part. 

Some unexpected reactions may take place, especially in highly strained alcohols. Thus 
cyclobutanois afford mixtures of cyclobutanones and y-lactones.' 6 Rearrangements have also 
been observed. 17 

On the other hand, the isotope effect 18 is fairly high, especially for tritium. 

From a practical point of view, it is interesting to note that the following reactions could 
easily be carried out with practically no loss of tritium 1920 *: 

H 

R-CHO NaBT< . R-C-OH—R —C = 0 


3. SCOPE AND LIMITATIONS 
3.1. Protecting Groups 

Most of the usual OH protecting groups have no effect on the course of the reaction, 
and may therefore be used [e.g., formates, acetates, tetrahydropyranyl (THP), or trimethyl- 
silyl (TMS) derivatives,...]. However, ethylene thioketai lead to much smaller yields of 
oxidation products. 10 

Cyanohydrins are converted back to the starting carbonyl compound. 21 

Curiously enough, ethynyl tertiary alcohols are also converted into ketones, very 
smoothly and in high yield/ 21 Ethynylation of ketones might well become a new method of 
protection of carbonyl groups, against fairly drastic basic conditions. 

A case of oxidation of a secondary alcohol containing a tricarbonyl arene chromium 
moiety has been reported. 17 Although the other oxidizing agents brought about a rapid 
oxidation at the zerovalent chromium center, silver carbonate on Celite was found to oxidize 
the hydroxyl group faster than the metallic atom. 

A case of hydrolysis of a nitrile group into an amide in the course of an oxidation has 
been reported. 23 


3.2. Oxidation of Monoalcohols 

Primary and secondary alcohols are usually oxidized by silver carbonate on Celite into 
aldehydes and ketones, respectively. The yields are generally good or even virtually quan¬ 
titative. Primary alcohols react more slowly than secondary ones. To get a reaction fast 
enough for synthetic purposes a larger amount of silver carbonate on Celite is required in 
case of a primary alcohol than in the case of a secondary one. 

Furthermore, allylic and benzylic alcohols react faster than saturated alcohols. In ben¬ 
zene, the difference in oxidation rates is not high enough to permit any regioselectivity. 
However, in boiling methanol. 3/?,17/J-dihydroxyandrost-4-ene is converted into testosterone 
in ten minutes, whereas in benzene, a mixture of testosterone and androst-4-ene-3,17-dione is 
obtained. 24 

Apart from this particular case, nonpolar solvents, especially benzene, more rarely 


* NaBT„ represents tritiated sodium borohydride. 

’ This unexpected cleavage might well be the reason for the failure of silver carbonate/Celite attempted 
oxidations of several acetylenic sugar derivatives. ;; 
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toluene and hexane, have been used with a ratio of 3-6 moles (respectively, 10-20 moles) of 
AgjCO, per mole of secondary (respectively primary) alcohol. 

Functional groups, which are sensitive to acidic or basic conditions, are usually unaffec¬ 
ted, since the medium is neutral. Some groups which are otherwise easily oxidized, are also 
almost inert, for instance furan, indole rings , 25 chromium tricarbonyl complexes . 17 

Epimerization at a carbon a to the newly formed carbonyl group is rather 
exceptional . 26 ' 27 

As indicated above, the oxidation rate strongly depends on the geometry of the system 
adsorbed species-reagent. For instance, 15-nor-9a-cedranol, 2 , is not oxidized, even after a 

9 H 


CH, 

CH 3 CH 3 

2 

long refluxing time , 28 since the 9 p hydrogen is in a cage, and therefore inaccessible from the 
surface of the solid. Similarly, the 18-hydroxy-steroid 3 does not react , 29 whereas the 
19-hydroxv analog 4 gives the expected aldehyde almost quantitatively . 30 ' 31 



3 


CH, orrH 

/n 1 

hochJ o 



oh 

4 

The great sensitivity to steric environment can be used for selective oxidations, especially 
of rigid molecules such as steroids and terpenoids. 

However, it must be emphasized that the major point is not steric hindrance in the free 
substrate , but the geometric characteristics of the adsorbed species. 

Thus, tropine 5 is oxidized much more rapidly than pseudotropine 6. 32 As suggested 
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before, pseudotropine is essentially “doubly anchored’’ to the reagent, very likely through the 
lone pairs of electrons of both nitrogen and oxygen so that the transition state for the 
oxidation is not favored. In sharp contrast, tropine is bonded to the solid either with the 
nitrogen or the oxygen atoms. In the latter case, oxidation takes place very fast. 

In strained compounds, such as 7. insertion of oxygen between the carbonyl group and 
the a carbon atom has been observed, which is the equivalent of a Baeyer-Villiger 
oxidation. 33 The presence of traces of water may well be important in this reaction. 16 



Another unexpected and interesting reaction has been observed in the case of tetra- 
hydrofurfuryl alcohol and tetrahydropyran-2-methanol, which lead to y-butyrolactone and 
d-valerolactone, respectively. No intermediate aldehyde could be detected. 25 ' 34 

Normally, the oxidation of a primary alcohols stops at the aldehyde level, although 
there is one reported case of direct formation of the corresponding acid. 35 

However, when the oxidation of partly protected carbohydrates is carried out in 
methanol, methyl esters are isolated in fair yield (see Section 3.7), very likely because of the 
rapid formation of a hemiacetal, which is known to be oxidized very rapidly. 36 

The fairly strong isotope effect, mentioned previously, has been taken to advantage for 
the preparation of tritiated aldehydes 19 and less efficiently, of deuterated aldehydes. 18 


3.3. Lactones from Diols 

When at least one of the hydroxyl groups of a 1,4-, 1,5-, or 1,6-diol is primary, the diol 
is smoothly oxidized into a lactone by silver carbonate on Celite in refluxing benzene. Very 
likely, the key step is the formation of a lactol from the intermediate hydroxyaldehyde. In 
fact, when the cyclization of the intermediate hydroxyaldehyde is too sluggish, for instance in 
case of steric ring strain, no lactone can be detected. 

Oxidation of primary-tertiary diols is straightforward. The lactones are usually isolated 
in high yield. 

No difficulty arises when a symmetric primary diol is submitted to the oxidation. The 
reaction is so mild that even a tertiary alcohol /( to the carbonyl group of the obtained lac¬ 
tone is not dehydrated. 95 

However, oxidation of 2.3-isopropylidene-em/iro-butane-1,2.3,4-tetrol proceeds at a 
rather low rate, and in modest yield, very likely because of steric ring strain. 95 
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" Solvent is not specified in Ref. 39. 

* The product is obtained, but the yield is not specified. 
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When the starting diol is unsymmetrical, the two expected lactones are formed, unless 
the formation of one of them is strongly favored (for instance when one of the hydroxyl 
group is allylic or benzylic), or if steric hindrance is important (Table III). 

Since, generally speaking, the oxidation of a secondary alcohol proceeds much faster 
than the oxidation of a primary alcohol, primary-secondary diols do not lead necessarily to 
lactones, but to mixtures of lactones and hydroxy ketones. Here again activation of the 
primary alcohol or steric factors play a major role (Table III). 


3.4. Lactones from Lactols 

The results from oxidations of lactols to lactones by Ag,COj/Celite are summarized in 
Table IV. 


3.5. Hydroxy Ketones from Diols. Cleavages of a-Diols 

Silver carbonate on Celite oxidation of a-diols leads very often to cleavages of C-C 
bonds, just like more classical reagents such as sodium periodate, sodium bismuthate, lead 
tetracetate, and others. 143 '* 

However, the stereochemistry of the starting diol strongly determines the course of the 
reaction. In boiling benzene, erythro diols afford a-hydroxyketones as major products, 
whereas the threo isomers are cleaved. 144 

In the steroid series, for instance, pregnan-17a,20a-diol gives 17a-hydroxypregnan- 
20-one, although pregnan-17a,20/f-diol leads to androstan-17-one. 145 This reflect the impor¬ 
tance of the accessibility of the hydrogen which is later oxidized into a proton. 

Under the usual reaction conditions, a-hydroxyketones are stable, 92 ' 145 ' 146 which means 
that they are not intermediates in the cleavage reaction, of which the mechanism is still 
largely unknown. In some cases, under prolonged treatment with silver carbonate on Celite, 
diones are formed, albeit in small yield. 

The oxidations of /f-diols with many oxidizing agents are rather delicate to carry out. 
since the resulting /f-hydroxyketones are very easily dehydrated. With silver carbonate on 
Celite, it seems that the rate of dehydration is very low. On the other hand, retroaldolization 
has rarely been observed. 147148 Some /f-diols have been successfully oxidized into 
/3-hydroxyketones (Table V). 

For other diols, such as cyclohexane-1,4-diol, the oxidation to 4-hydroxycyclohexanone 
is much faster than the subsequent oxidation to cyclohexane-l,4-dione. It is thus practically 
possible to stop the reaction at the hydroxyketone stage. 149 


3.6. Steroids. Di- and Triterpenes 

The oxidation of alcohols in the steroid, di-, or triterpene series is a special case owing 
to the rigidity of the carbon skeleton of most of these molecules. In particular the oxidation 
of polyols is quite generally highly regioselective. On the basis of the proposed mechanism, it 
is easy to predict that androstan-2/f-ol, androstan-3/f-ol, or androstan-17/f-ol can easily be 
oxidized to the corresponding ketones. However, as soon as the geometry of the system 
“adsorbed substrate/reagent” 7 does not allow the formation of the postulated transition 
state, the oxidation does not take place, or becomes very sluggish, as shown, for instance, by 
androstanols when the hydroxyl group is at position la, 1 /?, 6a, 7a, 15/?,... 168 even if this 
hydroxyl group is allylic. 169 


* The case of carbohydrates will be discussed in Section 3.7. 

* The reagent is always considered as a plane. 
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Moistened reagent. Table continued 
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TABLE III. Oxidations of Polvols to Lactones 


Polyols 
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Lactones 

yield (%) Solvent Reference 


100 Benzene 40 


H 

70 

Benzene 

96 

;-Bu 

80 

Benzene 

96 
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Benzene 

95 


86 Benzene 97 


73 Toluene 98 


90 Benzene 95 
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95 
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Xylene 
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TABLE III. Continued 
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TABLE III. Continued 


Polyols 


Lactones 

Lactones yield (%) Solvent Reference 
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CH : OH 


OH 




CO,C,H, 


CH, CH, 

i : O 




Xylene 119 


90 Benzene 120 


86 Benzene 121 


44 Benzene 122 

50 Benzene 122 
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Ketols or Diones 
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yield (%) 

yield (%) 

Solvent 
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Thus, a very remarkable regioselectivity is expected in polyhydroxy-steroids. In the bile 
acid series, even after a prolonged reaction time (up to 3 weeks) 170 or in toluene instead of 
benzene, 171 oxidation affords the 3-keto derivative only. 172-173 Similar results have been 
reported in other series. 174-176 

However, as emphasized previously, all the polar groups of the molecule participate in 
its adsorption, so that rules which are quite reliable for monohydroxylated compounds are 
not necessarily useful when more complex molecules are taken into consideration. 
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TABLE IV. Oxidations of Lactols to Lactones 
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Products" yield (%) Solvent Reference 
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Indicated only in case of ambiguity. 
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TABLE IV. Continued 
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Table continued 
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Starting material 


OH 


OH 


N._ 

COjCH, 



HO^ CH,OH 



V 

CO,CH, 


HO 

HO 


CH 


OH 


'>^CH,OH 

OH 


CH.^yCH, 
OH OH 


HOCH OC' CH ’ OH 

OH 

OH 



OCH, 

CHiOH 



HO OC,H, 
CH,OH 



TABLE V. Continued 


Products Yield (%) Solvent Reference 


nJ> 


CHO COXH, 



CO,CH, 


HO 


58% 

OH 


24% 


CH, 

CH, 


Y^CH^H 

O 


.CH, 


O OH 


HOCHf~V' x CH ; OH 


O 



OCH, 


CH,OH 
O 

OC,H, 


CH,OH 




65-75 

Benzene 

154 

<33 

Major 

Benzene 

Toluene 

155 

155 

90 

Benzene 

46 


40 

Benzene 

156 

59 

Benzene 

157 


Benzene 

149 

80 

Benzene 

149 

83 

Benzene 

149 

43 

Benzene 

149 

82 

CHC1, 

158 

59 

Benzene 

159 

85 

Benzene 

160 

70 

Benzene 

161 
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TABLE V. Continued 


Starting material 


Products 


Yield (%) 


Solvent Reference 


80 

Benzene 

149 


Benzene 

158 

46 

Benzene 

162 

85 

Ethyl acetate 

163 

85 

Ethyl acetate 

164 

62 

Ethyl acetate 

164 


Cyclohexane-1,4-dioI 
CH, CH, 


HO OH 
CH, CH, 

'TY ' 

HO OH 
R, 

CHjOH 
O'CH,OH 

HO CH, 
CH, 


@6 


OH 


R, R, 


6' 


CH^CH, 

OH 

R, R 2 

ch 2 oh h 

H CH 2 OH 


4-Hydroxycyclohexanone 
CH, CH, CH, CH, 

68%V r_ V MYoY^V 7 


O OH 

CH, CH, 

V/ 


o o 


O OH 



H. CHO 


6 


CHO H 


CHft'CH, CH^CH, 

OH OH 


0% 

65% 


only 

6% 



CH, 

CHO 


CH,CH, 


HO 



'CH, 


CH,CH, 

sSX 


60 


25 


Benzene (N 2 ) 


Benzene 

Benzene 


Methanol 


Benzene 


165 


27 

27 


166 


66 


HOCH, 




CH,OH 


HOCH 




CHO 


75 


Benzene 


167 


For instance, in boiling benzene, androstane-3/J,5a,6/f-triol is oxidized at C-6 essentially, 
although androstane-6/i-oI is unaffected under the same conditions. 

The only accessible hydrogen atom, later oxidized into a proton, in the “trianchored” 
adsorbed state, is the 6a one (Fig. 3). Addition of chloroform increases the proportion of less 
strongly adsorbed (i.e., "monoanchored”) steroid, thus increasing the rate of formation of the 
3-keto compound. 177 In sharp contrast androstane-3/?,5a,6a-triol is normally oxidized into 
the 3-ketosteroid. No trace of 6-keto derivative could be found, in agreement with the sim¬ 
plified mechanism proposed. 
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Similarly 168 5a-androstane-3/?,6/J-diol is preferentially oxidized in benzene at C-6, 
although, under the same conditions, the rate of oxidation of androstane-3/i-ol is about 9 
times larger than that of androstane-6/?-ol. 13 In chloroform, more polar than benzene, the 
proportion of “monoanchored” steroid is much higher, and oxidation takes place at C-3. 168 

Generally speaking, a primary alcohol is oxidized more slowly than a secondary one. 
Examples of a reversed order of reactivity have been reported 178 for which the same 
explanation as above may be provided. 

The very striking difference of reactivity of pregnane-17a,20a-diol and pregnane- 
17a,2O0-diol which have been indicated previously may also be explained on the basis of the 
same mechanism. The oxidation of cholesterol is very unspecific, leading to many products, 
even when the reaction is carried out under argon. This is due to the instability of the inter¬ 
mediate cholest-5 ene-3 one, since 4,4-dimethyl-cholesterol undergoes the expected oxidation 
of the OH group. 179 

Double bonds farther away from the hydroxyl group do not seem to have any 
measurable effect on the oxidation rates. 


TABLE VI. Oxidations in the Steroid, Di- or Triterpene Series 


Starting material 

Ketone 
or aldehyde 
yield (%) 

Solvent 

Reference 

Monohydroxy- 

Compounds 




2a- 

5a-androstane 

— 

Benzene 

13 

2a- 

A-Nor-5a-androstane 

95 

Heptane 

158 

2p- 

5a-androstane 

99 

Benzene 

180 

3a- 

5a-androstane 

96-97 

Benzene 

181 

3a- 

2/S 2 H-5a-androstane 

85 

Heptane 

158 

3a- 

5a-androst-16-ene 

93-95 

Benzene 

181 

3a- 

21 -acetoxy-5a-pregnane-11,20-dione 

50 

Benzene 

182 

3a- 

methyl 5/?-choian-24-oate 

High 

Benzene 

172 

3 P- 

5a-androstane 

87 

Benzene 

10 

3 p- 

4-androstene 

95 

Benzene 

24 



96 

Methanol 

24 

3P- 

5-androstene 

0 

Benzene 

168 
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TABLE VI. Continued 


Starting material 


Ketone 
or aldehyde 

yield (%) Solvent Reference 


Monohydroxy- 

Compounds 

3 0- 

5a-androst-6-ene 

30- 

40 2 H-5a-androst-6-ene 

30- 

5a 2 H-androst-6-ene 

30- 

5a-androst-16-ene 

3 0- 

5a. 13a-androstane 

3 0- 

17a, 17a-dimethyl-D-homo-5a-androstane 

30- 

50-androstane 

30- 

50-androst-16-ene 

30- 

7,7-ethylenedithio-5a-cholestane 

30- 

4,4,14a-trimethyl-5a-choIest-8-ene 

30- 

21-Nor-5a-cholest-17 -> 20-ene 

30- 

24-methyl-50-cholesta-8,22-diene 

30- 

methyl 12-keto-50-cholan-24-oate 

ch, s'' 0 

ch tAa 


O 

ho^t^h 

CH, 

CHj : 

R 


,o 

Vc 5a-H 

„ 0 x$y^° 

50-H 

R 

TH 9 1 ' 

srrr 

(a-amyrine) 

CH,CH, 

6a- 

5a-androstane 

6a- 

3a.5a-cyclocholestane 

6 0- 

5a-androstane 

60- 

3a.5a-cycloandrostane 

60- 

170-OTs-3a,5a-cycloandrostane 

7a- 

5a-androstane 

a=CH, 

CH :Cr CH ' 

OH 

CH, COjCH, 

70- 

5a-androstane 



100 Benzene 183 

75 Benzene 183 

75 Benzene 183 

95-98 Benzene 181 

95 Benzene 181 

92 Benzene 184 

93-96 Benzene 181 

93-96 Benzene 181 

61 Benzene 10 

95 Benzene 185 

90 Benzene 186 

77 — 187 

94 Toluene 10 

75 Toluene 188 

93 Benzene 185 

94 Benzene 10 

98 Benzene 185 

5 Benzene 180 

70 Benzene 180 

94 Benzene 180 

100 Benzene 189 

45 Benzene 180 

0 Benzene 13 

0 Benzene 169 

— Benzene 13 

0 Benzene 170 
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TABLE VI. Continued 


Starting material 


Ketone 
or aldehyde 

yield (%) Solvent Reference 


Monohvdroxy- Compounds 


17a- 

17a- 

np- 


5a-androstane 

3/1-acetoxy-13a-androst-5-ene 
5a-androstane 


17 /?- 

17 /?- 

17 /?- 


3.3- ethylenedioxy-5a-androstane 

1.4- androstadien-3-one 
3/?-acetoxy-13a-androst-5-ene 


CH,0 



OH 


9-H 


a 

a 


8-H 


a 


14-H 17a-OH 


/? 

P a 


a /? a 

dehydro a 

dehydro /? 



20/?- 3/)-acetoxy-5-pregnene 


P 

P 


CH,CH, 



CH.OH 

CH,COr><^CH, 

CH,CH, 

24- 5/?-cholane 

24- 3/?-r-butoxy-5-choiene 

24- 3/J-f-butoxy-5-cholestene 



98 

Benzene 

180 

80 

Benzene 

180 

98.5 

Benzene 

10 

99,5 

Acetone 

10 

95 

Benzene 

24 

99 

Benzene 

OO 

97 

Benzene 

180 


44 ( 68,5)° 

Toluene (NJ 

190 

68 

Toluene (N,) 

190 

28 (68)° 

Toluene (N : ) 

190 

40(52)° 

Toluene (N,) 

190 

57 

Toluene |N : ) 

190 

95 

Heptane 

158 


96 

Benzene 

184 

98 

Benzene 

191 

67* 

Benzene 

191 

97 

Benzene 

185 

67 

Benzene 

192 

94.5 

Benzene 

10 

91 

Benzene 

193 

81 

Benzene 

193 


Benzene 

194 

— 

Toluene 

195 

70 

Xylene (N ; ) 

196 


Yield (%) based upon the recovered starting matenal. 
After recrvstalli7ation. 
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3/i. 11 a- Sa-androslane 3-onellz-OH 92 Benzene 

3/J. 11 a- D-homo-5a-androstane 3-onella-OH 94 C^H^/CHCI 

3(1,110- 5a-androstane 3-one!l0-OH 95 Benzene 

3a,12a- methyl 5/l-cholan-24-oale 3-one 12a-OH 100 Benzene 

90 Toluene 
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5a,6/?- androstane 5a-OH 6-onc 100 Benzene 

5a,6 0- androstan-3-one 5a-OH + 3-one-60-OH 50 Benzene 

3,6-dione 5-androslene 
25% / 75% 
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Trihydroxy- Compounds 
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5a,6a-(OH) 2 androst-5-ene 
60% 8% 
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3.7. Carbohydrates 

A considerable amount of work, reviewed earlier, 208 has been devoted to silver car¬ 
bonate on Celite oxidation of carbohydrates. Two major reaction types are to be noticed: 
regioselectivity of the reaction, and vicinal diols cleavage, leading to various degradation pat¬ 
terns. 


3.7.1. Regioselectivity 

Oxidation of the nonprotected D-glucal takes place at the allylic hydroxyl group 
only. 161 Similar regiospeciftc oxidations of related compounds have been reported. 157,160 
Olefmic sugars are readily oxidized at the allylic hydroxyl group in preference to free non- 
allylic OH groups. 22 However, the oxidation fails completely with the corresponding 
acetylenic carbohydrates, which, very likely, undergo a cleavage leading to acetylene and an 
aldehyde, as shown by Lenz in the steroid series 21,22 (Table VII). 

Obviously, when the hydroxyl group at C-l is free, as in aldoses, oxidation takes place 
very readily, and the corresponding lactone is generally obtained in high yield (Table IV) at 
least when benzene, toluene, or mixtures of benzene/DMF are used as solvents. However, when 
there is an unprotected hydroxyl at C-2, as first noted by Morgeniie 209 especially in methanol, 
the major compound is not a lactone, but a degradation product. 


3.7.2. Degradation 

3-0-methyl-D-glucose is oxidized by silver carbonate on Celite in methanol, but the 
compound which is isolated is not the corresponding gluconoiactone. A fast cleavage occurs 
between C-l and C-2, leading to the intermediate 3 and 4 formates of 2-0-methyl- 
D-arabinose, 209 which either by mild alkaline hydrolysis or prolonged treatment with the 
oxidizing agent affords 2-0-methyl-arabmose in good yield. Under these conditions, 2-0- 
methylaldopentoses are not further oxidized to lactones. 

In a similar way, D-xylose was completely oxidized within 90 min at room temperature. 
The initially obtained formate could easily be hydrolyzed into D-threose 125 (Fig. 4). 

2-Ketoses undergo a similar degradation. Thus D-fructose gives the glycolic ester of 
erythrose, and, after mild hydrolysis, the tetrose itself. 123 This degradation of aldoses and 
ketoses seems to be quite general (Table VIII). More extensive but also more sluggish 
degradations have also been recorded. Thus, D-fructose in methanol leads to D-glycerai- 
dehyde and other identified products. 

The Morgeniie degradation of aldoses can eventually be used to determine the sub¬ 
stituent position of 0-methyl aldoses. 210 Silver carbonate on Celite oxidation of 1,2- 
O-isopropylidene a-D-glucofuranose for 10 h in boiling methanol leads to a methyl 
xyluronate derivative 214 (Fig. 5). Very likely, an aldehyde is formed by cleavage of the side 
chain. The corresponding hemiketal is then oxidized into a methyl ester (Table IX). Under 
the same conditions, other a-hydroxy aldehydes, such as giycolaidehyde and glyceraldehyde 



FIGURE 4 


OH 

D-threose 
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TABLE VII. Regiospecific Oxidation of Carbohydrates 


Starting material 


Products 


Yield (%) Solvent 


Reference 


CH,OH 
-O 

w 

HO 

CH-.OR 

M 

nJi 

HO OC,H, 


HO n 

P 


OH 

CH =CH; 

CH-OH 

A. 

)H/ 




oK 


CH, 


CH, 


R 

CHOH 


ch &°Y ch ' 


CH.OH 

)-q 




CH.OR R 


O 


H 


OC,H, Ts 


HO 


i/rc 

& 


o 

Hi 1 


O 

CH = CH, 



CH, 


CH 



°Aro 

CH,'L~/o 


R 

CH=CH, 


CH.o^' C = CH 
CH, 


70 


85 

0 

59 


41 


52 

0 


Benzene 


Benzene 

Benzene 

Benzene 


Benzene 


Benzene 

Benzene 


161 


160 

160 

157 


22 

22 


HO- 


CH,OH 
H 

OH/ 


O 

O^—CH, 
CH, 


Ag.CO, 

CH.OH 


CO,CH, 

Id. 

'Pm 

io 

O-^-CH, 

CH, 


FIGURE 5 


are also oxidized into the corresponding methyl esters. 215 1,3-Dihydroxy acetone is also 
oxidized into methyl glycoiate.* 


3.8. Oxidation of Phenols 

3.8.1. Formation of Quinones 

Silver carbonate on Celite converts hydroquinones to />-quinones and catechols to 
0 -quinones. The reaction is nearly quantitative, at 0°C or at room temperature or in reflux¬ 
ing dichloromethane, within 2 h or less. Even sensitive quinones such as methoxybenzo- 


At the very beginning of our research in this field, we also noted 185 that the unprotected side chain of 
cortisone was slowly degraded. A !7-keto steroid was obtained. However, the 21-acetate was stable 
towards silver carbonate on Celite in boiling benzene. 
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TABLE VIII. Degradation of Carbohydrates 


Starting material 


tWVoH 


OH >—OH 


OH 
CHjOH 
}— 

(OCH.V-OH 


Product 


\r,hcT~ oh 




/ ch",o>~oh 


Yield (%) Solvent Reference 


H 

41 

Methanol 

211 

OH 

38 

Methanol 

211 


36 

Ethanol 

137 


71 

Methanol 

209 




CH, OH 
O—t 

jj-ol—o. 

R i7 TOH V~OH 
OH 


o /oh y —o 

CH,OH 

L-0-_>0H 

\ H V s CH,OH 


CHjOR, 

Lo^>OH 

fH,^ CH ,OH 


CH,OCH j 
L-O-^-OH 

\ ^^/'’CH,OCH, 


OCH, 

riiov” 


CH,OH 

L O-t—oH 

o o 

CHf^-CH, 

. . R, 


Methanol 126 


SHOT- 0 ” CH, 

CH, 

76 

Cf.Hj/DMF 

126 

' ^ CH, 

H 

77 

CsHj/DMF 

129 

c«h 5 

H 

55 

C.HJDMF 

129 

CHO 

0-4—H CHj 

CH, 

— 

Methanol 

126 

H-OH CH 5 

H 

65 

Methanol 

129 

'0-1 C,H, 

H 

59 

Methanol 

129 

CHO 

H-O^ CH, 


61 

Methanol 

129 


H—OH)/ 

—0 /X CH, 


(+glyceraldehyde) >37 Methanol 123 


HO OH 

CH;ORj 


H-OCH, 

H-OCOCH,OCH, 

-OCH, 


H 

H 

70 

Methanol 

212 

CH, 

H 

74 

Methanol 

212 

CH, 

CH, 

81 

Methanol 

212 



90 

Methanol 

212 


Methanol 


D-Tagatose 

D-Threose 

D-glyceraldehyde 

Methanol 

123 

D-Psicose 

D-Erythrose 

D-glyceraldehyde 

Methanol 

123 

o-altro-Heptulose 

D-Ribose 

D-Erythrose 

Methanol 

123 

D-manno-Heptuiose 

D-Arabinose 

D-Erythrose 

Methanol 

123 

D-glycero-D-manno-Octulose 

D-Altrose 

D-Ribose 

Methanol 

123 
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TABLE IX. Methyl Esters from Aldehydes 


Starting material 


HOCH,-CHO 

CHO-CHO 

HOCH, — CHOH — CHO 

HOCH 2 -CO-CH 2 OH 


CH,OH 



Product 


HOCH,-CO : CH, 

CHO —COiCHj 

HOCH 2 - CHOH - CO, CH , 

HOCH2-CO2CH3 


COjCH, 

\R,~ 

O CH, 



R, O' 


CH, 


ffm'A 

M° y CHl 


CO;CH, 


CH, 


R, R 2 

H OH 
OH H 


Yield (%) Solvent Reference 


55 

Methanol 

215 

>65 

Methanol 

215 

>56 

Methanol 

215 

>63 

Methanol 

215 

53 

Methanol 

214 

68 

Methanol 

36 

39 

Methanol 

214 


quinone are quantitatively obtained (Tables X and XI). “Extended” quinones such as 
diphenoquinones (Table XII) and stilbenequinones (Table XIII) are obtained in nearly 
quantitative yields. Even with an “extended” quinone the yield is very high 220 (Fig. 6). The 
reagent is also useful for the preparation of tropoquinone 221 (Fig. 7). Three nitrogen analogs 
of hydroquinones have been oxidized. In the case of o-aminophenol. dimerization of the 
intermediate radical, or of the corresponding o-quinone-monoanil, occurs (Figs. 8 and 9). 


3.8.2. Oxidative Coupling of Phenols 

Hindered phenols with a free para-position are quantitatively oxidized to dipheno¬ 
quinones (Table XIV). When the para position is substituted by a methyl group, 
corresponding stilbene-quinones are obtained in high yields (Table XV). When the formation 
of “extended” quinones is impossible, the hindered phenol (R = (CH 3 ) 3 C—) gives free 
radicals such as A and B 216 (Fig. 10). 


TABLE X. p-Quinones from Hydroquinones 


p-Hydroquinone 


p-Quinones 


Yield (%) 

Solvent 

Reference 

OH 

R, 

R, 

9 Rj 

R 4 




r*yV R| 

H 

H 

R.vV 1 ''- 

1 X H 

H 

97 

Benzene 

216 

rA^r, 

CH, 

H 

RfT R-’ H 

H 

98 

Benzene 

216 

OH 

CH,0 

H 

° H 

H 

100 

Benzene 

216 


CH, 

H 

(CH 3 ) 3 C 

H 

98 

Benzene 

216 


(CH,),C 

H 

(CH 3 ) 3 C 

H 

98 

Benzene 

216 


Cl 

Cl 

Cl 

Cl 

99 

Benzene 

216 




OH 






OH 

H 

cnr^o 

H 

32 

Benzene 

216 


H 

H 

Cl 


100 

Benzene 

216 
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Ref. 216 


Ref. 24 


FIGURE 9 


Ref. 216 
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TABLE XI. O-Quinones from Catechols 



Catechols 

O-Quinones 

Yield (%) 

Solvent 

Reference 

R« 

OH 

yV h 

r ‘y S 





R, 

R, 

.,v 

r 2 

'r, 




R, 

r 2 

r 3 

R 4 




H 

H 

H 

H 

98 

Benzene 

216 

H 

CH, 

H 

H 

100 

Benzene 

216 

H 

(CH,),C 

H 

H 

98 

Benzene 

216 

<CH,),C 

H 

(CH,),C 

H 

99 

Benzene 

216 

H 

<CH,),C 

H 

Cl 

33 

Benzene 

218 

H 

CH, —C 

H 

CH,0 

65 

Benzene 

219 


11 

o 






H 

(gpCH 

H 

H 

95 

Benzene 

219 

H 

jQTch 

OCH, 

H 

H 

90 

Benzene 

219 

H 

©r^ cH 

H 

CH,0 

90 

Benzene 

219 

H 

jOP CH 

CH,0 | 

OCH, 

H 

CH,0 

89 

Benzene 

219 


Unhindered phenols give complex mixtures, from which the expected products have 
been isolated in very low yields.* p-Nitrophenoi is not oxidized. 222 When an ortho vinyl 
double bond is present, cyclization to furan derivatives may occur 223-224 along the various 
ways of phenol radical coupling. In some cases, the reaction requires the presence of sodium 
hydrogen carbonate. 225 



FIGURE 10 


p-C resol gives Pummerer's ketone (R=CH,. R =H. Fig. 11) in 10% yield. 228 
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TABLE XII. Diphenoquinones from Dihydroxy-diphenyls 


Dihydroxy-diphenyls Diphenoquinones Yield (%) Solvent Reference 



R 


CH, 

98 

Benzene 

216 

(CH,) 3 CH 

97 

Benzene 

216 

(CH 3 ) 3 C 

95 

Benzene 

216 



TABLE XIII. 

Stiibene-quinones from p, p'-Dihydroxy-stiibenes 


p, p'-Dihydroxy-stilbenes 

Diphenoquinones Yield (%) 

Solvent 

Reference 

R, 

r 2 

R, 

R; 

=^_^^r, 

R, 



R, 

r 2 




CH, 

ch 3 

83 

Benzene 

216 

(CH 3 ),C 

(CH 3 ) 3 C 

90 

Benzene 

216 

ch 3 

(CH 3 )jC 

83 

Benzene 

216 


TABLE XIV. 

Diphenoquinones from para-Unsubstituted Phenols 


Phenols 

Diphenoq uinones 

Yield (%) 

Solvent 

Reference 

R * 

R R 




HO—^ \ CHj 

o=/~)—r > 0 

98 

Benzene 

216 

)—/ (CH 3 ) 2 CH 

n== ( 

100 

Benzene 

216 

R (CH 3 ) 3 c 

R R 

99 

Benzene 

216 


TABLE XV. 

Stiibene-quinones from para-Methylphenols 


para-Methylphenols 

Stiibene-quinones Yield (%) Solvent 

Reference 



ch 3 

CH, 

93 

Benzene 

216 

(CH 3 ) 3 C 

(CH,),C 

90 

Benzene 

216 

CH, 

(CH 3 ) 3 C 

97 

Benzene 

216 
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OH R' 

+ W 

R 

FIGURE 11 



R 


C 


A systematic survey of oxidation of various mono- and disubstituted phenols has been 
made. 226 ” 229 Under the selected conditions (large excess of phenol vs. silver carbonate on 
Celite) various coupling products are observed, in yields depending on temperature, solvent, 
and dilution. In organic solvents, p-cresol or 2,4-dimethylphenol give three dimeric com¬ 
pounds A, B, and C (Fig. 11). 

The ketone B is obtained only when R' = H and R = CH 3 . The formation of B is favored 
by low temperature and polar solvent (relative yield as high as 63% of the total dimeric 
products has been obtained). Products of type C are favored by high dilution and high tem¬ 
perature. 

These results are consistent with the various modes of a reversible coupling of the 
initially formed free radical, giving a ketonic intermediate, the enolization of which is irrever¬ 
sible. 

More complex oxidative dimerizations occur with 4-hydroxytaxodione. 230 


3.9. Aliphatic Amines 

Few examples of aliphatic amines oxidations are known; moreover, in only one case was 
the amino-group alone in the molecule. It seems that a primary or a secondary amine is first 
oxidized to a protonated immonium ion, which can lose a proton to give an imine or an 
enamine 231 (Fig. 12). 

In the case of a tertiary amine, the corresponding immonium ion is cleaved 232 or it 
reacts with a neighboring group 233 234 (Table XVI). Similar results have been observed in the 
tropane series. 32 



Mixture 12 


FIGURE 12 
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TABLE XVI. Aliphatic Amine Oxidations 


Starting material 


Products 


Yield (%) Solvent Reference 


C 6 H,-N-CH, 


C 6 H 5 -NH-CH, 

C 6 H<-NH-CHO 


80 Benzene 232 


C 6 H 5 -N-CH;-C-CH 3 


CH, CH, 


C 6 H 5 -NH-CH 3 

+c 6 h 5 -n-cho 


100 Benzene 232 


+ (CH 3 ) 2 C = 0 


CH, 

CH, \=r 


CH, 

CH, \=R 


" N W CH ’ 

I CH, CH,OH 

CH, 


1 J CH, 
O 


H, OH — — 233 

O 42 Benzene 234 


3.10. Aromatic Amines 

Anilines are slowly oxidized by silver carbonate on Celite into azobenzenes; the yields 
are usually in the range 30%-50%, but may be occasionally very good (up to 95%). The 
mechanism involves probably the coupling of a nitrogen radical, followed by the 
dehydrogenation of the resulting hydrazobenzene. The by-products occasionally isolated are 
those normally expected from the various modes of radical coupling of the corresponding 
radicals (Fig. 13). 2,4,6-Tri-r-butylazobenzene was prepared (90% yield) by a mixed 
oxidative condensation between 2,4,6-tri-f-butylaniline and aniline 237 (Fig. 14). 


a N " 





H 



FIGURE 13 








TABLE XVII. Azobenzenes from Anilines 
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C 6 H 5 C 6 H 5 C 6 H 5 95 Benzene 236 

H Cl Cl • Benzene 236 

Cl Cl Cl No oxidation Benzene 236 

(CHj)jC (CH 3 ) 3 C (CH,)jC No oxidation Benzene 236 

(CHj) 2 CH (CHj) 2 CH (CH 3 ),CH -- Benzene 237 
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FIGURE 14 


3.11. Hydrazine Derivatives 

A. Symmetrically Disubstituted Hydrazines or Hydrazides. Symmetrically disubstituted 
hydrazines or hydrazides are oxidized to the corresponding azo-compounds 
(Table XVIII). The reaction is very fast. Phthalylhydrazide, however, is not oxidized. 

B. N-aminopyrazole Is Not Oxidized into 1,2,3-Triazinc 2ii (Fig. 15). 

C. Hvdrazones. Hydrazones are oxidized within a minute into diazoalkanes, which can 
be isolated by filtration. Prolonged reaction gives only a mixture of starting ketone, 
of diazine, and, in some cases, of the decomposition products of an intermediate car- 
bene (Table XIX). 


3.12. Hydroxylamines 

Silver carbonate on Celite oxidizes monosubstituted hydroxylamines to nitroso-com- 
pounds within a few minutes, at or below room temperature and in an aprotic medium 
(CH,C1 : of CFC1 3 ). Yields are generally much higher (84%—95%) than with other reagents, 
and the isomerization of primary or secondary nitrosocompounds does not occur. Some of 
the nitroso-compounds are obtained as irons dimers (Table XX). 

When a suitably placed double bond is present, nitroxide radicals may be obtained 241 
(Fig. 16). With V-disubstituted hydroxylamines, nitrones are obtained 235 : 

C 6 H 5 -CH,-N-CH,-C 6 H 5 C 6 H 5 —CH = N — CH 2 —C e H s (90%) 

I 1 

OH O 

They can undergo intramolecular cycloaddition with a suitably placed double bond 242 
(Fig. 17). 


3.13. Oximes 

By analogy with the proposed mechanism for alcohol oxidation, a protonated nitrile 
oxide is the expected primary product of silver carbonate on Celite oxidation of the oxime of 
an aromatic aldehyde. Aromatic nitrile oxides are indeed formed, but they undergo 
1,3-dipoiar cycloaddition, with the precursor oxime, leading to symmetrically substituted 
1,2.4-oxadiazoles. Dipolarophiles added on purpose (aceto- or propionitrile, used as 
solvents) afford dissymmetrically substituted 1,2,4-oxadiazoles. Ethylenic compounds give 
isoxazolines. Hydrolysis of the oxime occurs sometimes (Table XXI). 


NH, 



FIGURE 15 



Silver Carbonate on Celite Oxidations 


553 


TABLE XVIII. Azo-Compound from Hydrazine Derivative 


Hydrazine derivative 


H H 

>—< 

R R 


Azo-compound 


N=N 
R^ X R 


Yield ( %) 


Reference 


c 6 H 5 

100 

Benzene 

235 

COiCH, 

80 

Benzene 

235 

CO,C : H 5 

85 

Benzene 

235 

co-c 6 h 5 

60 

Benzene 

235 

o 

u 




R. R =[or! 

No reaction 

Benzene 

235 


Hydrazone 


C = N —NH, 


TABLE XIX. Oxidation of Hydrazones 


Reaction 

time Products Yield (%) Solvent Reference 


Products 


Ar 


Ar 

C 6 H 5 

p-ch,o-c 6 h 4 


c*h 5 

p-ch,o-c 6 h 4 

Y>N-NH, 

fQJ 


Ar Ar Ar 

\ \ / 

C = 0 + C = N —N = C 

/ / \ 

Ar Ar Ar 


Benzene 235 

Benzene 235 


5 h 

(48%) 

(49%) 


97 

Benzene 

235 

5 min 

(44%) 

(48%) 


92 

■ Benzene 

235 


(Q 

>=° 'xy =i 

0 } 

95 

Benzene 

235 


(of 

of 

IQ) 





jN — NH. 

I mn 


CH, CH, 

Y- CH ’ 


cr'X) 


CH,CH, CH, CH, 
VCH, Y- CH > - 


Benzene 235 


Benzene 235 
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(30%) 

FIGURE 16 


TABLE XX. C-Nitroso-Compounds from Hydroxylamines 


Hydroxyiamines C-Nitroso-compounds 


c 6 h 5 -nhoh c 6 h 5 -n=o 

O 

T 

C 6 H 5 -CH 2 -NHOH C 6 H S -CH,-N = N-CH 2 -C 6 H 5 

1 

o 

p-Cl-C 6 H 4 -NHOH p-C1-C 6 H 4 -N = 0 

o 

{^)-NHOH = 

o 

(CH 3 ) 2 CH - NHOH (CHj) ; CH — N = 0 

O 

t 

(CH,),C —NHOH (CH,),C-N = N-C(CH,), 

I 

O 


o 

CH - NHOH [>-CH — N = N — CH—<3 

CH, CH, O CH, 



I l 

O- O- 


Yield (%) 

Solvent 

Reference 

85 

ch 2 ci 2 

239 

66 

ch 2 ci 2 

239 

89 

ch 2 ci 2 

239 

95 

ch 2 ci 2 

239 

90 

ch 2 ci 2 

239 

57 

CFC1, 

239 

93 

CH 2 C1, 

239 

84 

ch 2 ci 2 

239 

29 

CH 2 C! 2 

240 
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FIGURE 17 


3.14. Fragmentation Reactions 

Tertiary propargylic alcohols are cleaved by silver carbonate on Celite in boiling toluene 
into ketones and acetylene 21 in high yield. Thus, the ethynyl group might well be used as 
protective groups for ketones (Table XXII). Under the same conditions, the corresponding 
tertiary vinyl alcohols are unaffected. 243 

Cyanohydrins undergo the same type of cleavage, giving back the expected ketone very 
smoothly in neutral solution. 21 Acetylenic secondary alcohols in the carbohydrate series are 
not oxidized into ketones, but transformed into unidentified products, which might be 
derivatives of the intermediate fragmentation compound. 22 


3.15. Rearrangements: Halohydrins 

It is well known that alicyclic bromohydrins are easily converted into epoxides, or 
rearranged into ketones or aldehydes in the presence of bases or metallic ions. Silver car¬ 
bonate on Celite in boiling methylene chloride gives the expected compounds in high yield. 
Besides, they are easily isolated by filtration of the suspended solid and evaporation of the 
solvent (Table XXIII). However, trans-2 fluorocyclohexanol gives exclusively, albeit slowly, 
2-(luorocyclohexanone. 245 


3.16. Miscellaneous Reactions 


Wolfe found that the dehydroalanine derivative can be efficiently prepared from 
L-cysteine, in a 77% overall yield, by treating the methyl ester of carboxy benzyl cysteine 
with silver carbonate on Celite. Incidentally, the yield from carboxybenzyl-cysteine methyl 
ester is 92%, which means that virtually no oxidation of the thiol to a disulfide took place. 248 


C 6 H 5 -CH : -OCONH-CH-CH 2 SH 


CH,OH 


C 6 H 5 -CH,-OCONH-C=CH 2 


CO,CH, 


CO : CH 3 


AgjC'OyCelite 
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TABLE XXL Oxidation of Oximes 





Yield 


Refer¬ 

Oxime 

Dipolarophile 

Products 

(%> 

Solvent 

ence 



R 





H 

73 

Benzene 

235 




CHjO 

64 

Benzene 

235 




c 6 h. 

74 

Benzene 

235 

c 6 h, 

H 

1 

—C=N—OH 

CHj —C = N 

_C b H, _^c 6 H s 

N-nT n— f 

XyN A~n 

C„H, O CH,° 


No 

235 




(30%) (41-61%) 




c 6 h. 

H 

—C=N—OH 

C : H ; —C = N 

_^C„H, 

N - if 

A n A 

C;H< O 

37 

No 

235 

c„h 5 

H 

1 

— C = N —OH 

“■'Q 

CH, 

C-H, 

Tj 1 (38%) 

'o" 

n— f c ‘ H ’ 

+ c,h 5 -cho+ 

C.hP' 


No 

235 


(11%) (30%) 


TABLE XXII. Tertiary Propargylic Alcohols and Cyanohydrins Cleavages 


Starting material 


Product 


Yield (%) 

Solvent 

Reference 

9 H > PH 








\n 

o 

hi 

n 

X 



cb 


100 

Toluene 

21 


A 

o 


J 





CH,9 H > 

„ Ai X—oh 



chA 

"VS 

ch, 9 h > 

100 

Toluene 

21 

CH,-CCT^^ 

CH.-C 

-o^ 

JU 





O 

O 







CH, R, 



CH, 

o 




f'~ r. 



Cfc 

f 




° h 

( 

CX 

J OH 





R, R 2 








OH C=CH 





— 

Benzene 

244 

C=CH OH 





— 

Benzene 

244 
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TABLE XXIII. Halohydrin Rearrangements 


Starting material 

Products 

Yield 

(%) 

Solvent 

Refer¬ 

ence 

a 8 ’ 

OH 

0-° 

49% 

^-yCHO 

46% 


ch 2 ci 2 

45 

^ .Br 

o: OH 

O 

cr CHO 


ch 2 ci 2 

45 


78% 

6% 




i>° H 

l ^'S;h ! -ch j oh 

yO 

-CH,OH 

99 

ch,ci 2 

113 

HO 

^CH j-CH 2 OH 

o 

n 

X 

-CH,OH 

47 

ch 2 ci 2 

113 

O' 8 ' 

V_/*OH 

Q * 

CHO 

a 





traits isomer 17% 67% CH 2 C1 2 45 

cis isomer 23% 44% CH 2 C1 2 45 



irons isomer 
cis isomer 



CH 2 C1, 45 

CH 2 C1 2 45 



R 


H 

41% 

50% 

CH 2 C1, 

246 

: H 

56% 

36% 

ch 2 ci 2 

158 

CH, 

96% 

0% 

CHCIj 

246 

C.H, 

100% 

0% 

CHC1, 

246 


Table continued 
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TABLE XXIII. Continued 




Yield 


Refer¬ 

Starting material 

Products 

(%) 

Solvent 

ence 



TABLE XXIV. Guanidino Compounds Degradation 


Guanidino compound 

NH 2 

I 

nh=c-nh-ch 2 -co 2 h 

nh 2 

NH = C-N-CH,-CO,H 
I 

CH, 

NH, 

I 

NH = C — NH — CH — CO,H 

i 

CH,-CO,H 

NH, NH, 

I I ' 

nh=c-nh-ch 2 -ch 2 -ch 2 -ch-co 2 h 

nh 2 oh 

I I 

NH = C-NH-(CH 2 ) 3 -CH-C0 2 H 

nh 2 nh 2 

nh=c-nh-o-ch,-ch,-ch-co,h 


Yield Refer- 

Degradation products (%) Solvent ence 

NH 2 

nh=c-nh 2 
nh 2 

NH = C — NH—CHj 

NH 2 

NH=C-NH 2 — H,0 250 

NH 2 

NH = C — NH 2 + NH j + Asp — H 2 0 250 

(+ Glu + Ser + Gly and 
unidentified products) 

NH 2 

NH = C-NH 2 — H,0 250 

4- an unidentifled product 

Asp + an unidentified product — H 2 0 250 

(+ Glu? + Gly + NH 3 ) 


H 2 0 250 

H 2 0 250 
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CH,—CO —NH —CH — CHiSH CH '° H • CH,-CO-NH-CH =CH, 

’ - Aa.m. 


CO,CH, 


78% 



FIGURE 18 


A similar reaction had been described by Gravel. 249 In this case pure silver carbonate (i.e., 
not coated with Celite) was used (Fig. 18). 

Degradation of guanidino compounds by silver carbonate on Celite has been studied 250 
when the guanidino group is a to the carboxyl function; extensive degradation was observed 
with isolation of guanidine or methylguanidine (Table XXIV). However, L-arginine is also 
degradated. whereas /? and y guanidino acids are unaffected. 

According to Sukh Dev, 0 himachalene is slightly oxidized by silver carbonate on Celite 
into a mixture of several compounds, among which oxidohimachalene and an epoxide 251 
(Fig. 19). 

Allylic bromides have been converted to the corresponding alcohols by silver carbonate 
on Celite in acetone at 0°C in the prostaglandin series. 252,253 No allylic rearrangement was 
detected 254 (Fig. 20). 

An equally successful hydrolysis of an allylic bromide has also been described. Silver car¬ 
bonate on Celite gave the expected alcohol, although classical hydrolysis in the presence of 
K 2 CO, led to extensive formation of a dialkyl ether. 255 Syn and anti 7-chloro 7-azabenzo- 
norbornadiene react with silver carbonate on Celite in methanol at a very different rate. The 
syn chloride B, being much more reactive, is rapidly converted into C carbonate, which is 
retained on the solid. The anr/'-chloride A does not react, and therefore remains in solution, 
from which it can easily be isolated 256 (Fig. 21). 

Finally, a study of the glycosidation of cardenolides (the well known Koenigs-Knorr 
reaction) could show that silver carbonate on Celite gives much higher yields than pure silver 
carbonate (Table XXV). Various other giycosidations are also described. 259,260,261 


CH, 


CH, 


CH, 

oj 


C.H.IN,) 


CH, 


dPv 

CH,CH, 

AgXO,/ 

Celite 

chT ^^' 7 

CH, CH 



21% 


19% 

p- Himachalene 


Altogether 5% 



FIGURE 19 
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FIGURE 20 



FIGURE 21 


4. EXPERIMENTAL PROCEDURES 


4.1. Silver Carbonate on Celite Preparation 

Commercial Celite is purified by washing two times with methanol containing 10% con¬ 
centrated hydrochloric acid. Afterwards, it is washed with distilled water to neutrality and 
then dried at 120°C. 

The reagent is prepared as follows: silver nitrate (30 g) is dissolved in 200 ml of distilled 
water and the purified Celite (30 g) is added. The mixture is stirred magnetically. Then 
sodium carbonate 10H ; O (30 g) in distilled water (300 ml) is added slowly. After ten 
minutes, the yellow-green precipitate is filtered and washed to neutrality with distilled water. 
Finally it is dried a few hours in a rotatory evaporator on a steam bath. 

The reagent can be stored in darkness for several years. 0.6 g of reagent is equivalent to 
roughly 1 mmol. 


4.2. Recovery of Silver Nitrate 

When silver carbonate on Celite oxidations are carried out on a large scale, it is con¬ 
venient to recover the expensive silver salt. The following method, which has not been 
optimized, gave consistently good results. 

A suspension of 500 g of used reagent is cautiously mixed (small portions) in a large 
beaker with 500 ml of fuming nitric acid and 500 ml of water, under stirring. The non- 
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TABLE XXV. Glycosidation of Cardenoiide Steroids with Glycosyl Halides 
in the Presence of Silver Carbonate on Celite 


Products 

Yield (%) 

Solvent 

Reference 

Strophanthidin-/J-D-glucopyranosid 

60 

CH,C1, 

257 

Strophanthidin-a-L-rhamnopyranosid 

67 

CH 2 C1 2 

257 

Strophanthidin-a-L-rhamnopyranosid 

70-77 

ch 2 ci 2 

257 

Digitoxigenin-a-L-rhamnopyranosid 

60 

ch 2 ci 2 

257 

Digitoxigenin-^-D-glucopyranosid 

52 

ch 2 ci 2 

257 

Digitoxigenm-3/J-D-glucoside 

58 

Benzene 

258 

Digitoxigenin-3/J-/i-D-galactoside 

58 

Benzene 

258 

Digitoxigenin-3/?-a-L-rhamnoside 

62 

Benzene 

258 

Uzarigenin-3/J-^-D-glucoside 

60 

Benzene 

258 


dissolved solid, which consists of Celite, is filtered off, washed with water. The clear solution 
is then slowly evaporated until silver nitrate crystallizes out. At least 60%-70% of silver 
nitrate can thus be recovered. 


4.3. Oxidation of 2-(3-Cyclohexenyl)-l-Propanol 49 

Silver carbonate on Celite (10 g, 17.5 mmol) was added to a solution of 2-(3-cyclo- 
hexenyi)-l-propanol (224 mg, 1.6 mmol) in 90 ml of benzene. Benzene-water (5 ml) was 
azeotropically distilled off and the reaction mixture was refluxed for 12 h. The progress of the 
oxidation was followed by gas-liquid chromatography. The reaction suspension was filtered 
and the benzene solution was evaporated under reduced pressure giving 172 mg (78% yield) 
of 2-(3-cyclohexenyl)propanal. 


4.4. Oxidation of 4-Hydroxydendrolasin to (E)-9-(Furan-3'-yl)-2,6- 
d imethylnona-2,6-dien-4-one 86 

4-Hydroxydendrolasin (100 mg) was heated under reflux in benzene (15 ml) with silver 
carbonate on Celite (0.5 g).* After oxidation for 6 h thin layer chromatographic analysis 
showed the presence of one major product. Purification by preparative thin layer 
chromatography (ether/hexane 1:9) gave E-9-(furan-3'-yl)-2,6-dimethylnona-2,6-dien-4-one 
(85 mg, 86%). 


4.5. Oxidation of 3-Methylpentane-l,3,5-triol to Mevalonoiactone 

To 128 g of silver carbonate on Celite reagent suspended in boiling benzene (500 ml) is 
added a solution of 3-methylpentane-l,3,5-triol (1.5 g) f in methanol (25 ml). The methanol 
is evaporated by azeotropic distillation with benzene. Then the suspension is heated for 6 h 
under reflux in benzene and filtered while still hot. The solid phase is washed several times 
with hot methylene chloride, then the solvents evaporated. 1.22 g of the obtained yellow oil 
are distilled at 95-100°C under 0.01 mm. Finally 1.08 g (74%) of pure mevalonoiactone is 
isolated. 

* 2 mmol of reagent for 1 mmol of alcohol. 

* 20 mmol of reagent for 1 mmol of triol. 
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4.6. Oxidation of 2.6-Dimethyiphenol to 3,3',5,5'-Tetramethyldiphenoquinone 216 

2,6-Dimethylphenol (1.2 g) is refluxed for 30 min in benzene (150ml) with 
Ag 2 C0 3 /Celite reagent (25.1 g). Removal of the solid phase and evaporation of benzene 
leaves 1.16 g (98%) of practically pure 3,3'.5,5'-tetramethyldiphenoquinone (m.p. 
217-218°C). 


4.7. Oxidation of Benzaldehyde Oxime to 3,5-Diphenyl-l,2,4-Oxadiazole 235 

To 10 g of AgjCOj/Celite reagent (dried by azeotropic distillation of benzene) suspen¬ 
ded in 75 ml of benzene, are added 1.2 g of freshly distilled benzaldehyde oxime. The suspen¬ 
sion is heated for 1 h with elimination of water (Dean-Stark), and filtered while hot. After 
evaporation of solvent, the oily residue is crystallized with heptane to give 0.8 g (73%) of 
3,5-diphenyl-1,2,4-oxadiazole, which is recrystallized from ethanol; m.p. = 108°C. 
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Cerium(iv) Oxidation of Organic 
Compounds 

Tse-Lok Ho 


1. INTRODUCTION 

Cerium is a member of the lanthanides, whose [Xe]4/ l 5£f‘6.r electronic configuration per¬ 
mits its existence in tri- and tetrapositive states. A cerium(IV) solution is obtained by 
oxidation of Cef III) species with peroxodisulfate or bismuthate in nitric acid, for example. As 
a result of the high charge, Ce(IV) ion tends to hydrate, and very frequently coordinates with 
counterions. This last aspect provides a rationale for the CefIV)/Ce(III) potential depen¬ 
dence on the nature of the acid medium. Thus the increase of perchloric acid concentration 
heightens the oxidation potential. On the other hand, the potential decreases with increasing 
sulfuric or nitric acid concentration.' As shown in Table I, Ce(IV) is a very powerful one- 
equivalent oxidant. 

Oxidation of organic compounds with Ce(IV) species was initially studied in relation to 
analysis (cerimetry). : Later, other aspects of cerium(IV) oxidation were developed. 3 More 
recent results have been incorporated into two articles: one 4 of these emphasizes the reaction 
mechanism, whereas the other 5 focuses on the synthetic application of cerium(IV) ion to 
functional group oxidation. 

The most widely used reagent for organic oxidation is diammonium hexakis(nitrato-O-) 
cerate, commonly known as ceric ammonium nitrate [CAN, (NH 4 ) 2 Ce(N0 3 ) 6 ]. More 
“exotic” Ce(IV) reagents that have been prepared and used recently include bis( triethyl- 
ammonium | hexakis(nitrato)cerate 6 (Et 3 NH) 2 Ce(N0 3 ) 6 , bis[trinitratocerium(IV)] 
chromate 7 [Ce(NO,) 3 ] 2 Cr0 4 , dinitratocerium (IV) chromate dihydrate 8 Ce(N0 3 ) 2 
Cr0 4 2H.O, trihydroxycerium (IV) hydroperoxide 9 Cc(OH) 3 OOH, and tris[trinitrato 
cerium (IV)] paraperiodate 10 [Ce(N0 3 ) 3 ] 3 H,I0 6 . These reagents have the advantage of 
being more soluble in nonpolar solvents; therefore they can be used to oxidize hydrophobic 
substrates more readily. 
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TABLE I. Oxidation Potential 
of Cerium(IV) Ion in Acids 
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Ce(IV) + e = Ce(III) 

Electrolyte 

Concentration 
( M) 

£°(V) 

(vs. SCE) 

h 2 so 4 

1 

1.20 


4 

1.19 


8 

1.18 

cf 3 cooh 

I 

1.36 


3 

1.33 


6 

1.31 

HNO, 

1 

1.37 


4 

1.37 


8 

1.32 

CHjSOjH 

1 

1.40 


3 

1.41 


6 

1.39 

hcio 4 

1 

1.46 


4 

1.51 


6 

1.57 


8 

1.63 


This survey outlines the use of cerium(IV) in organic chemistry with a brief discussion of 
the mechanism involved. 


2. MECHANISM 

2.1. General Considerations 

Cerium(IV) is a typical one-equivalent oxidant which removes one electron at a time 
from the substrate. In this regard Ce(IV) shares certain similarities in reaction patterns with 
Mn(III), Co(III), and V(V), although the other three oxidants are ions of transition metals. 
On the other hand, a different behavior is expected from that of chromate and permangate 
which have reactive oxy-anions. 

In the one-equivalent oxidation of neutral or anionic organic species, cation radicals or 
free radicals are generated. Normally these intermediates undergo rapid oxidation to afford 
neutral products by electron transfer (outer-sphere reaction) or by ligand transfer (inner- 
sphere reaction). Alternatively, oxidation occurs after its combination with a counterion such 
as the nitrate ion in CAN oxidations. 

R‘ + Ce(IV)-. R + + Ce(III) 

R' + 0N0 2 Ce(IV)-► RONO, + Ce(III) 

r +ono 2 -► rono 2 t 

R0N0 2 t + Ce(IV)-► RONO : + Ce(III) 

Because Ce(IV) oxidations deal most frequently with neutral organic compounds, 
radical cation intermediates are encountered most of the time. The fates of these inter- 
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mediates depend on their structures. They may undergo C-H bond cleavage, C-C bond 
cleavage, hydrogen transfer, dimerization, a combination of these processes, or other reac¬ 
tions characteristic of free radicals. 


2.2. C-H Bond Fission Reactions 

The cerium(IV) ion forms red-colored complexes with alcohols. 11 The 1:1 complex for¬ 
mation has been confirmed by kinetic studies. 12 More recently, the formation constants of 
many Ce(IV)-alcohol complexes have been measured. 13 The observed isotope effect in the 
alcohol oxidation indicates that C„-H bond cleavage is rate-determining 14 and that an 
acyclic activated complex is involved. The mechanistic implication is that the stability of the 
incipient free radical intermediate affects the oxidation rate. Bent transition states have been 
deduced 15 for Ce(IV) oxidation of alcohols by means of a temperature dependence study of 
isotope effects. 

A kinetic study 16 of the oxidation of benzaldehyde with Ce(IV) in aqueous acetic acid 
indicates involvement of both 1:1 and 2:1 inner-sphere complexes. The large kinetic isotope 
effect (k H /k D = 16) is consistent with a rate-determining homolysis. 

RCHO + Ce(IV) ^ RCHO • [Ce(IV)]-> RCO + H + + Ce(III) 

RCO + Ce(IV) + H.O-► RCOOH + H* + Ce(III) 


2.3. C-C Bond Cleavage Reactions 

In the case where a more stable radical can be created through C-C bond repture of the 
primary oxidation intermediate, such a process occurs. Thus, alkyl phenyl carbinols yield a 
mixture of benzaldehyde and an alkyl phenyl ketone 17 in ceric ammonium nitrate (CAN) 
oxidation, the aldehyde/ketone ratio being 0.04, 3.30, 184, and 195 for alkyl group being 
methyl, ethyl, isopropyl, and t-butyl, respectively. This observation is reminiscent of V(V) 
oxidation of benzyl alcohols 18 and Co(III) oxidation of tertiary alcohols. 19 

Cyclopropylmethyl phenyl carbinol is rather unique among the primary alkyl carbinols 
as the ratio of its products C 6 H 5 CHO/C 6 H 5 COR, 24.4 + 4.1, is high. Its rate constant for 
oxidation is similar to that of allyl phenyl carbinol. 20 

In the Ce(IV) cleavage of 2-aryl-l-phenylethanols. 21 a considerable amount of positive 
charge develops on the carbon atom that becomes the radical in the transition state, as 
suggested by the Hammett relationship (p= —2.0 against a*). However, the reaction is not 
ionic in nature. The relative rates are 4.2, 1.00, 0.63, and 0.027 for aryl = p-CH 3 C 6 H 4f C 6 H 5 , 
p-CiC 6 H 4 , and p-0 2 NC 6 H 4 , respectively. Oxidation of l-aryl-2,3-diphenyipropan-2-ols 
yields benzyl phenylketone and the substituted benzyl phenyl ketone. 20 These reactions are 
also effected by chromic acid, in which case Cr(IV) is the oxidant. 

The facile degradation of /J-(trimethylsilylethyl)phenylcarbinol by Ce(IV) to ben¬ 
zaldehyde, ethylene, and hexamethyldisiloxane 22 is due to the stabilizing effect of silicon on 
an electron-deficient atom at the ji position. 

Me 3 SiCHXHXHPh Ceim . Me 3 SiCHXHX + PhCHOH-♦ etc. 

'I 

OH 

Bicyclic alcohols in which the secondary hydroxyl is attached to a carbon adjacent to 
the bridgehead suffer complete CX bond fission. 23 The driving force consists of strain relief 
and the generation of moderately stable secondary radicals. 

Cyclobutanols display a high reactivity toward one-equivalent oxidants. 24 while its two- 
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equivalent oxidation to cyclobutanone is not particularly fast. Interestingly, the Ce(IV) 
oxidation proceeds via formation of a primary radical. This radical undergoes dimerization, 
disproportionation, or further oxidation. Demerization is supressed by a high oxidant con¬ 
centration where ligand transfer reactions, giving nitrato- and nitro-butanals, become impor¬ 
tant. 

Besides cyclobutanol, only cyclopropanol and cyclopropanone hydrate and hemiacetals 
yield dimers. 55 

Cerium(IV) is an efficient reagent for 1,2-glycol cleavage. Contrary to the better known 
lead(IV) acetate oxidation, which involves the formation of a bidentate metal-glycol complex 
and the breakdown by a two-electron process, 56 the cerium(IV) counterpart requires metal 
coordination with only one hydroxy group, which is followed by a one-electron oxidation. 
Support for this mechanism comes from rate measurements on the oxidation of the glycols 
and their monomethyl ethers (similar rates), 15 radical-trapping experiments, 57-58 and parallel 
studies of Pb(IV) and Ce(IV) oxidations of dl- and mejo-hydrobenzoins. 29 On the basis of 
orbital symmetry correlations, 30 a cyclic mechanism is forbidden in one-equivalent oxidation. 


HO OH HO O-Ce(lV) 

J—L + Ce(IV) -j—j- 



o 

A 


+ Ce(IlI) 


OH O 

A + Ce(IV)-> + H + + Ce(Ill) 


Almost exclusive splitting of the central C-C bond of benzoins 31 on their exposure to 
CAN is due to stability of aroyl radicals. Interestingly, cerium(IV) oxidation of acetoin gives 
biacetyl. 15 

An enol mechanism 35 proposed for Ce(IV) oxidation of carbonyl compounds was 
refuted 33 in view of the oxidation rate of cyclohexanone with cerium(IV) sulfate being 61 
times faster than enolization. Alternatively, abstraction of an o hydrogen atom in the 
Ce(IV)-carbonyl compound complex in the rate-determining step has been formulated. 

The CAN oxidation of cyclic ketones 34 led to a mechanistic interpretation as shown in 
Scheme 1. Complex formation followed by electron transfer was considered to occur initially. 
Ring opening ensued. 

Although the degradation of triphenylacetaldehyde to triphenylmethanol was regarded 
as proceeding via hydrogen atom abstraction, 35 a pathway involving C-C bond rupture of 
the cation radical to furnish the triphenylmethyl radical and a formyl cation is equally 
tenable. 

Exposure of camphorquinone to CAN in methanol gave rise to monocyclic esters. 36 
Apparently, electron removal from the less hindered oxygen (cf. inertness of camphor) 
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SCHEME 2 






CO COOCH, 


I I 
[^>< + Cjx + 

COOCH, COOCH, 
62% 21% 



COOCH, COOCH, 
12% 4% 


triggers the fragmentation of the central bond of the a-diketone. Interception of the resulting 
acylium ion by methanol and decarbonylation of the acyl radical ensue. Generation of the 
products from the cyclopentyl radical is easily discerned. 

Simple alkanoic acids are rather resistant to Ce(IV) oxidation. 37 However, if an 
2 -substituent which stabilizes a free radical is present, the carboxylic acid undergoes facile 
decarboxylation. Cases in point are l,3,5-cycloheptatriene-7-carboxylic acid and a-hydroxy- 
carboxylic acids. Kinetic isotope effects have been determined 38,39 for the oxidation of the lat¬ 
ter compounds. 


R OH 

x + Ce(IV) 

COOH 


- H • 
H' 


R v 

>0 + H 

R' 


CetIVI 
-Cel 111 I 


H 

I 

R O.. 

X ’Ce(IV) 
R')—O 
O 

j-Ce(IIII 

R 

y-OH+CO, 

R' 


CAN oxidation of phenylacetic acid at 90°C in aqueous acetonitrile furnishes a mixture 
of benzyl alcohol, benzyl acetate, and benzaldehyde. 40 The decarboxylation proceeds via 
homolysis of an inner-sphere complex. 

ArCHXOOH + Ce(IV)-► ArCH 2 COOCe(IV) + H + 

ArCH 2 COOCe(IV)-► ArCH 2 " + CO, + Ce(III) 

The oxidation rates are abnormally high for p- and m-methoxyphenylacetic acids. 
These reactions might be initiated by electron transfer from the aromatic ring (vide infra). 
The decarboxylation of Ce(IV) carboxylates, which shows hardly any rate difference 
among pivalate. isobutyrate, and n-butyrate, is best interpreted as an inner-sphere process 
involving homolysis of the metal-carboxylate bond. 41 This is in contrast with decar¬ 
boxylation of Co(III) and Mn(III) carboxylates in which simultaneous fission of the O —M 
O 

and C, — C bonds occurs, and the relative rates are dependent on the stability of the alkyl 
radicals. 42 

Fragmentation at the central C-C bond of 2,3-dimethyi-2,3-diphenylbutane on reaction 
with CAN 43 proceeds via a radical cation. Cobalt!Ill) acetate is incapable of effecting the 
cleavage. 
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2.4. 1,5-Hydrogen Transfer 

The formation of cyclic ethers 44 4 5 from primary alcohols correlates well with the 
generation of secondary radicals via specific 1,5-hydrogen transfer. Remarkably, the 
1,5-hydrogen transfer was noted in the case of 5-phenyl-1-pentanol, where a more stable ben- 
zylic radical would result from a 1,6-hydrogen transfer. The transition state geometry 
governs the outcome of such a process. 


2.5. Oxidation of Aromatic Compounds 

Of particular interest in the realm of Ce(IV) oxidation is that dealing with aromatic 
compounds. With electron-rich aromatic compounds, quinones are usually the ultimate 
products. As a general rule, cation radicals are formed and react further according to reac¬ 
tion conditions. Such reactive species have been detected by electron spin reasonance 
spectroscopy. 46 

The Ce(IV) oxidation of 2,8-bis(dimethylamino)acridinium salts in either water or in the 
reversed micellar system of cetylpyridinium chloride-H : 0-CHCl 3 proceeds in two con¬ 
secutive one-electron transfer steps. 47 

Nitration sometimes occurs when CAN is used as oxidant. A rather unique case (with 
respect to phenols) is the 4- and 6-nitration of 2-cyciopropylphenol. 48 Dimethylanilines are 
demethylated with concomitant nitration. 49 The nitration does not consume oxidant, and it 
takes place with an intramolecular rearrangement within a coordination complex of the sub¬ 
strate and a metal species. Inhibition of nitration by methanol suggests a competing coor¬ 
dination by solvent molecules. 

The nitration of alkylbenzenes with CAN in acetonitrile involves nitronium ion. 50 The 
reactive species is formed only in the presence of the substrate; its involvement is indicated 
by the same product distribution as that of conventional nitration. 

Nuclear acetoxylation of anisole 51 by CAN in acetic acid yields an o/p isomer ratio of 
0.82, which correlates with the odd-electron density distribution of the anisole cation radical. 
The results indicate solvent capture of the cation radical. 

The decomposition of dialkyl peroxydicarbonates in the presence of two molar excess of 
CAN in toluene leads to tolyl alkyl carbonates in 75%-90% yield. 52 CAN is stoichio- 
metrically consumed as both halves of the peroxide are utilized in the substitution. 

O 

(ROCOO) : -► 2ROCOO" .'° lucnc - ROCOt^^^^ 3 

O O 

ROCO tCI +Ce(IV)^ROCO-/Qy 5 +H + +Ce(III) 

It is now generally accepted that side-chain oxidation of alkylarenes by Ce(IV) occurs 
via a radical cation. The pathway consisting of direct hydrogen abstraction has been ruled 
out by comparing the reaction with that of A-bromosuccinimide. 53 The electron transfer 
mechanism is consistent with the high substrate selectivity, which is related to the donor 
abilities of the hydrocarbons. Further investigation has indicated that the regioselectivity is 
substrate dependent in both CAN and electrochemical processes, 54 but not in the oxidation 
with cobait(III) acetate. 

ArCHj + M" 4 -► ArCH 3 + '+ M ln_n + 

ArCHj +- + B-► ArCHT + BH + 

ArCHT + M" 4 -► Products + + 
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Regarding the fate of the benzyl radical, two possibilities exist. While evidence such as 
common ion effect has rendered intervention of a cation via further oxidation improbable, 
results are well accounted for on the basis of a ligand transfer process. 55,56 

The observed isotope effect of k H /k D 2.3 in the CAN oxidation of perdeuterio-p-xylene 57 
suggests the proton loss from the radical cation intermediate is, at least partly, rate deter¬ 
mining. 

In the CAN oxidation of mesitylene in oxygen-free acetic acid in the dark, a significant 
degree of nuclear acetoxylation has been observed. 55 The substitution pattern of the alkyl 
groups plays an important role in that the side-chain reaction is favored by the presence of 
ortho and para alkyl groups, while the meta isomer facilitates solvent capture of their radical 
cation species. In the ortho- or para-dialkylbenzene radical cation higher fractions of positive 
charge reside in the ring atoms which carry the alkyl groups, hence the loss of a proton from 
the corresponding benzylic positions is easier. 

Interesting results emerged from the oxidation of benzene derivatives with cerium(IV) 
trifluoroacetate in trifluoroacetic acid. 58 In this reaction diaryls and diarylmethanes are the 
major products. The latter type of compounds arise from ion trapping by another molecule 
of the arene, and subsequent deprotonation. Their production is maximized in the absence of 
nucleophiles and solvents. In the case of mesitylene, the radical cation reacts to give dimesityl 
predominantly. 


2.6. Additive Oxidation 

The oxidation of cyclohexene with CAN in a number of solvents has been studied. 59 In 
anhydrous dimethyl sulfoxide, 2-cyciohexenyl nitrate is formed, whereas in acetonitrile 
iV-acetyl-2-cyclohexenylamine becomes the major product. Hydroxyl compounds are 
obtained when water is present in the reaction medium. A mechanism invoking the addition 
of a NO 3 radical to the alkene linkage as the first step accounts for the results. It has been 
shown that 2-cyciohexenyi nitrate undergoes solvolysis to give the amide under the reaction 
conditions. 

Mechanistic duality in the CAN oxidation of styrenes in acetonitrile has been revealed. 60 
The initial step involves electron transfer when the substrates are more reactive than styrene 
itself. However, a free radical addition process is favored with less rfeactive compounds. 

The rates of cycloalkene oxidation by CAN as determined show a dependence on the 
number of conjugated double bonds. 61 Direct hydrogen abstraction is unlikely in view of the 
absence of a kinetic isotope effect in the oxidation of cycloheptatriene-rf 8 . A mechanism 
involving addition of the NQ 3 radical to the triene was presented. 
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SCHEME 4 



0,N0Ce" 


A.H 


U, 


ON-OCe' 

II 

O 


o* H + 

O-N- 


OCe(IV) 


+ ONOCe 


CHO 


+ CO + H * + ONOCe 


ONOCe+ Ce(IV) + H,0 -► NO," + 2H* + 2Ce(III) 


The intermediacy of tropylium ion in the Ce(IV) oxidation of cycloheptatriene has been 
established by chemical methods. 62 Benzaldehyde, benzene, and carbon monoxide are the 
oxidation products when four equivalents of CAN are used. Evidence shows involvement of 
the nitrate ligand. Remarkably, the ratio of benzaldehyde to benzene is quite insensitive to 
variation of solvents [e.g., in H : 0: PhCHO 64%, PhH 11%; in CH 3 CN, PhCHO 80%, 
PhH 18%]. 


2.7. Miscellaneous 

Cerium(IV) oxidation of other heteroatom-containing substrates most likely involves 
initial ^-electron transfer also, if a n system is absent. A scrutiny of the oxidative cleavage of 
1,3-dithiane derivatives has indicated the intermediacy of bicyclic disulfonium ions. 63 The 
1,3-dithiane monoxides are not generated. (For exceptions, see Ref. 137.) 

The cerium(IV) ion is an efficacious agent for cleaving carbon-metal bonds (a and n 
types), ft is used frequently to release the organic ligands from organometallic complexes. 
The oxidation takes place at the metal. 

The radical cations from one-equivalent oxidation of alkyl transition-metal carbonyls 
such as Cp(CO) 2 FeR have been characterized. 64 A rapid insertion taking place immediately 
after the electron removal is indicated, with the generation of acylmetal cations. 


3. SCOPE AND LIMITATIONS 


3.1. General Aspects 

The cerium(IV) ion is an extremely potent and versatile one-equivalent oxidant. Its wide 
application to oxidation of organic compounds had, remarkably, not been explored before 
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the 1960s. The oxidations are very rapid; even the generally unreactive substances such as 
carboxylic acids and aromatic compounds can be oxidized. By virtue of their high oxidation 
potentials, Ce(IV) species may be used to oxidize a broader spectrum of substrates than 
other one-equivalent oxidants. However, it has proved possible to achieve oxidation of cer¬ 
tain functionalities in the presence of other reactive (but less reactive) groups. 

A limitation of Ce(IV) oxidations is that acidic conditions are usually involved; 
therefore, it is not recommended to subject acid-sensitive compounds to such oxidation. The 
necessity of employing polar solvents or cosolvents also tends to restrict the versatility of the 
methodology. 

The major drawback associated with Ce(IV) oxidations concerns, however, the large 
amounts of reagent required, owing to its being a one-equivalent oxidant. The situation can 
be alleviated by adding a cheap cooxidant which can reoxidize the spent cerium species to 
the active state, thereby rendering the cerium reaction catalytic. This tactic has been suc¬ 
cessfully employed in the oxidation of benzylic alcohols by the CAN/sodium bromate 
system. 65 This and similar dual oxidant systems 653 should find wider use in the future. 


3.2. Alcohols 

Three modes of reaction have been documented with Ce(IV) oxidation of alcohols: (a) a 
carbon-hydrogen bond fission resulting in aldehydes or ketones, (b) oxidative carbon- 
carbon bond fragmentation, and (c) cyclic ether formation. 

The Ce(IV) oxidation has not found general preparative use for synthesizing aliphatic 
aldehydes because of further reactions. However, the oxidation of ethanol to acetaldehyde 66 
in 90% yield has been reported. The conversion of propargyl alcohol to propynal 67 has also 
been mentioned. More useful applications concern the oxidation of cyclopropyimethanols 68 
and primary benzylic alcohols. 69,70 The preparation of l4 C-labeled 3,6-dichloro-9-phenan- 
threnecarboxaldehyde 71 via CAN oxidation may be noted. 

Many other effective reagents for the oxidation of benzyl alcohols have been 
described.Trihydroxycerium (IV) hydroperoxide is particularly interesting because it can 
be readily regenerated from the spent oxidant by treatment with hydrogen peroxide, and the 
reaction can be carried out in benzene. 

CAN adsorbed on activated charcoal is an effective catalyst for the air oxidation of ben¬ 
zyl alcohols. 72 

Alicyclic alcohols such as cyclopentanol and cyclohexanol have been dehydrogenated by 
cerium(IV). 73 2-Adamantanol produces adamantanone and thence is converted to the 
corresponding lactone 34 on exposure to CAN. The overall yield is 50%. 



The reactions of alkyl phenyl carbinols furnish a mixture of benzaldehyde and alkyl 
phenyl ketone. 17 /)-(Trimethylsilylethyl)-phenylcarbinol fragments readily, giving rise to ben¬ 
zaldehyde, ethylene, and hexamethyldisiloxane. 22 Fragmentation is also the only pathway 
followed by 2-aryl-1-phenylethanols, 21 where benzaldehyde and benzyl derivatives are 
produced. 

Homoallylic alcohols are also expected to undergo C-C bond cleavage as allyl radicals 
are generated. An example of this type is the CAN oxidation of 19-hydroxy-3/?,17/f- 
diacetoxy-5-androstene. 74 
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Cyciobutanol can be used as a diagnostic for determination of one- or two-equivalent 
oxidation pathways. One-equivalent oxidation is characterized by ring cleavage. Depending 
on reaction conditions, the CAN oxidation of cyclobutanol gives rise to an array of 
products. 24 However, good yields of dialdehydes may be obtained. 

OCH CHO CHO HO—, CHO 

ltu + y + 1 j 

70% 18% 


OCH CHO 

U 

84% 

Ring-fused cyclobutanols, obtained from saponified photocycloadducts of enones with 
enol acetates, are transformed into o-(acylmethyl )-a,/?-enones 75 by CAN. Thus, the reaction 
sequence constitutes a method for introducing an acylmethyl chain to the a-position of 
enone units. 


R 



O O 


Bicyclo[x.y.z]alkan-2-ols are cleaved on exposure to CAN. 23 There is not much dif¬ 
ference in the reaction of the epimeric pair of substrates. 




The only oxidative pathway available for tertiary alcohols involves C-C bond cleavage. 
Ketones are obtained on treatment of /-alcohols with Ce(IV). 76 The direction of cleavage is 
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dictated by the relative stability of the ensuing free radical fragment. For example, 
5a-hydroxv-3/i, 17/J-diacetoxyandrostane reacts with CAN to afford the 5,10-secosteroid 74 in 
80% yield. 


OAc OAc 



Vicinal glycols and polyhydric alcohols are quantitatively broken down by the cerium 
(IV) ion. For example, acetone is obtained from pinacol, 77 and glucose phenylosotriazole is 
oxidized to 2-phenyl-l,2,3-triazole-4-carboxylic acid. 77 The equally rapid degradation of 
2-methoxycycloalkanols to give dialdehydes has significant mechanistic implications I vide 
supra). 


HO OH 



Ph- 



COOH 


The glycol cleavage reaction forms the basis of a quantitative method for 
determination’ 8 of aldoses and ketoses. 

Benzoins are split into an aryl aldehyde and an aroyl radical on treatment with ceric 
ammonium nitrate: the radical is rapidly oxidized further to produce an arenecarboxylic acid 
as end product. 11 The reaction of furoin gives a very small amount of furil in addition to 
furoic acid, but furfural is not detectable. 

Reactions of primary alkanols which possess a (5-hydrogen atom produce 
tetrahydrofuran derivatives. 44 ' 45 This result is comparable with that observed from reactions 
with lead(IV) acetate. The lack of an a C-H bond cleavage during tetrahydrofuran formation 
indicates the intermediacy of an alkoxy radical (or its protonated form). This pathway is 
further substantiated by the specific and characteristic 1,5-hydrogen transfer even in the case 
of 5-phenyl-1-pentanol. 


R 



R = CH, 20% 

R = C,,H<CH ; 40% (based on reacted alcohol) 
R = C h H f 58 % (based on reacted alcohol I 


The formation of 6/?, 19-ethers 74 from 6/?-hydroxy steroids on exposure to CAN is again 
analogous to the reaction with lead(IV) acetate. The yields decrease dramatically when the 
5a-hydrogen is replaced by a halogen atom. In those cases 6-keto steroids could become the 
major products. 

The dependence of the reaction pattern on structural features is found in the CAN 
oxidation of the following tricyclic alcohols 79 : 
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Participation of a double bond in the ether formation is clearly illustrated. A similar trapping 
involving the 71 -electrons of an aromatic ring has also been known. Thus, oxidation of 
3-phenyi-l-propanol with CAN leads to chroman, which undergoes rapid and complete con¬ 
version to 4-chromanone, and eventually, chromone. 45 The absence of a (5-hydrogen for 
intramolecular abstraction forces the alkoxy radical species to add to the aromatic ring. The 
benzylic oxidation and subsequent dehydrogenation are well known (vide infra). 

00 - ©q - ©5 - ©5 

Quite unexpected results are obtained when alcohols are oxidized with the Ce(IV}- 
NaBr0 3 system. 80 Thus, secondary alcohols are converted to ketones while primary alcoholic 
functions in the same molecule may be preserved. Primary 1,4-diols give 5-lactones. Sub¬ 
strates which undergo C-C bond fission in the presence of stoichiometric Ce(IV) react nor¬ 
mally (dehydrogenation). 

Ethers undergo oxidative cleavage to give carbonyl compounds when treated with 
CAN/NaBrO,. Both alkyl and silyl ethers are susceptible to this reagent. 81 


3.3. Carbonyl Compounds and Derivatives 
3.3.1. Aldehydes 

Aldehydes and ketones are susceptible to cerium(IV) oxidation. Formaldehyde has been 
oxidized to formic acid in acid media, 82 while in the reaction with acetaldehyde 5.75 
equivalents of cerium (IV) sulfate are consumed to produce 1.75 mol of formic acid. 83 It was 
reported that the reaction with triphenylacetaidehyde gave 75% triphenylmethanol together 
with 16% unreacted aldehyde. 3S A very stable trityl radical is formed as intermediate. 
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3.3.2. Cyclic Ketones 

On treatment with CAN, cyclopentanone, cyclohexanone, and norbornanone (nor- 
camphor) are rapidly consumed, 34 whereas camphor has been quantitatively recovered from 
prolonged exposure to ceric ammonium nitrate in aqueous acetonitrile at 60°C. The main 
products isolated from the above reactions are nitrato-carboxylic acids, indicating that an 
a-cleavage is involved in the major reaction pathway. 

The case of adamantanone is interesting as a single lactone was obtained in good yield 
(73 % ), 34 A few other strained polycyclic ketones have also been subjected to the CAN 
reaction 34 ; lactones were uniformly generated. However, owing to the presence of 
cyclobutane rings, rearrangement attends the oxidation. 85-87 



30% 40% 


This unusual Baeyer-Villiger-type reaction is also observed in the oxidation of tetra- 
cyclones. 88 For example, tetracyclone itself has been converted to tetraphenyl-2-pyrone in 
77% yield. The recovery of fluorenone after being subjected to similar experimental con¬ 
ditions is understandable in terms of the improbable generation of a high-energy phenyl 
radical intermediate. In contrast to the classical Baeyer-Villiger oxidation, the ceric 
ammonium nitrate reaction is extremely rapid; it is mildly exothermic and is completed 
within minutes at room temperature. 



Although camphor is quite stable to cerium(IV), camphorquinone is easily oxidized at 
room temperature with ring opening and loss of one carbon atom. 36 

3.3.3. [S-Keto Esters and Stabilized Anions 

p-Keto esters are prone to generate a-radicals because of resonance stabilization. 
Thus, A'-alkyl-2,6-diphenyl-4-piperidone-3.5-dicarboxylic esters undergo dehydrogenation, 89 
presumably via the a-radicals. Interestingly, internal trapping of the radical generated from 
methyl A-benzyl-2,6-bis-a-pyndyl-4-piperidone-3-carboxylate 90 has been observed. It might 
be due to a higher population of the molecule existing in the axial A-benzyt conformer. 
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Stabilized carbanions are oxidatively dimerized on exposure to CAN. For example, 
tetramethyl sodiopropene-l,l,3,3-tetracarboxylate and potassium pentacarbomethoxylcyclo- 
pentadienide undergo self-coupling 91 in 90% and 84% yield, respectively. 


3.3.4. Oximes and Semicarbazones 

At low temperatures, oximes and semicarbazones are cleaved by CAN to regenerate the 
parent carbonyl compounds. 92 The oxidation at nitrogen is so fast that alcohols may be used 
as solvent. From the ten derivatives studied, only the reaction of camphor oxime was 
sluggish (27% yield), the rest giving good yields (71 %-90%). 

In a synthesis of the isomer of U-ketoestrone a removal of the 11-ketoxime group 
was required. This step was effected by CAN in methanol, 93 albeit in moderate yield (37%). 
The synthetic attempt of the sesquiterpene isocomene 94 also incorporated the unraveling of a 
1,4-diketone unit from its monoxime which exists in the form of a hydroxazine ring. 



i O' 
OH 


O 


O 


45% 


Cinnamaldoxime behaves differently on exposure to Ce(IV). It undergoes oxidative 
dimerization at the nitrogen atom to give a dinitrone. 95 


3.3.5. Nitronates 


Although nitronates are not truly carbonyl derivatives, their reaction with the Ce(IV) 
ion involves oxidative cleavage of the C-N bond. It has been reported that exposure of 
nitronates to CAN leads to carbonyl compounds. 96 



Keto macrolides are conveniently synthesized 97 by a ring expansion route from a-nitro- 
cycloalkanones. While the Nef reaction is not suitable for converting the nitro group to the 
carbonyl function, the CAN/Et 3 N combination serves admirably. 


3.3.6. Carboxylic Acids and Derivatives 

Simple aliphatic acids 37 and benzoic acid in the dark 98 are resistant to Ce(IV) sulfate 
oxidation in refluxing dilute sulfuric acid. However, cerium(IV) perchlorate in 4 M 
perchloric acid is capable of attacking formic and acetic acids. 



Cerium) IV) Oxidation or Organic Compounds 


583 


The reaction of cycloheptatriene-7-carboxylic acid with ceric ammonium nitrate" gives 
the tropylium salt in 30% yield as the only isolable compound. 

This oxidative decarboxylation is rather unique as oxidation with neutral potassium per¬ 
manganate yields benzaldehyde, with alkaline permanganate, terephthalic acid, with acidic 
permanganate, ditropyl ether, whereas with nitric acid and with chromium! VI) oxide, both 
benzaldehyde and terephthalic acid are obtained. 

The success of oxidative degradation of carboxylic acids depends on the stability of the 
decarboxylated fragments. Thus diphenylacetic acid is converted to benzophenone (90% 
yield) by the action of dinitratocerium (IV) dichromate dihydrate. 8 

Oxalic acid 10010 ' and malonic acid 37 are readily oxidized by the cerium(IV) ion to car¬ 
bon dioxide and water. Higher homologues such as succinic, maleic, and fumaric acids are 
found to be stable. 

a-Hydroxycarboxylic acids are degraded by cerium(IV) sulfate to carbonyl compounds 
having one less carbon atom. 102 

A synthetic application has been found in the degradation of tartronic acids (a-hydroxy- 
malonic acids) which are obtainable from the ene reaction of alkenes with diethylmalonate 
and subsequent hydrolysis. 103 The cerium(IV) oxidation works well when sodium periodate 
fails. The whole process represents a transpositional allylic carboxylation of alkenes. 


R 


+ o< 
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. . COOR' 
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OH ; 
CcllVI 


COOH 


A solution of carboxylic acid hydrazide evolves gases vigorously on contact with CAN. 
The carboxylic acid can be isolated in good yields. 104 The reaction of benzilic acid hydrazide 
gives benzophenone (67%). This oxidation does not appear to involve any complex for¬ 
mation as the orange reagent is bleached immediately. 

As a whole, the ceric oxidation of acid hydrazides resembles that using lead(IV) 
acetate, 105 although the mechanism must be different. It has been shown that N-Pb inter¬ 
mediates are formed during the latter process. 

Protection of carboxylic acids in the form of carboxamides derived from 5,6-dihydro- 
phenanthridine has been proposed. 


R 





+ RCOOH 


Deprotection is best carried out with CAN oxidation. 106 It is likely that deprotection 
proceeds via cation-radical generation, loss of benzylic hydrogen, and amide bond fission. 

Transacylation can be achieved by submitting the amide, an amine in anhydrous 
solvents, to oxidation with cerium(IV) pyridinium chloride (py 2 CeCl 6 ) and copper(II) 
oxide. 107 

2,6-Di-?-butyl-4-methoxyphenyl esters are useful for r/ireo-selective aldolization. 108 The 
carboxylic acids are recovered by treatment of the esters with CAN. Oxidation takes place at 
the aromatic ring. 


3.4. Amines 

Product characterization has been the major problem in Ce(IV) oxidations of aliphatic 
amines, with the exception of benzvlamine, which gives benzaldehyde in quantitative yield on 
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its reaction with dinitratocerium (IV) chromate dihydrate. 8 Consequently, most studies deal 
with aromatic amines. 

Leuco malachite green is converted to malachite green by exposure to Ce(IV). 109 Con¬ 
trol experiments confirmed that the triarylmethanol is not an intermediate. 

4,4'-Bis[A',/V-diethylamino]azobenzene undergoes a double one-equivalent oxidation. 110 
Other 4-substituted 4'-(dimethylamino)azobenzenes 111 are either demethylated or have the 
4-substituent replaced by a hydroxyl group on cerium (IV) oxidation. 

Higher A-alkyl groups of 2,4-dinitroanilines, 112 such as CH,CH,S0 3 K, (CH 2 ) 3 S0 3 H, 
CH 2 CH 2 NMe 2 , CH 2 CH 2 NMe 2 (CH 2 ) 3 S0 3 ~, are lost during oxidation. 

Demethyiation takes place in the CAN oxidation of dimethylanilines. 113 Nitration 
follows the demethyiation in some cases. 


Me 2 N 



CAN 


MeNH 



89% (in MeOH) 
60% (in MeCN) 
23% (in MeCOOH) 


Me 2 N-<(^) 


CAN 


CAN 

MeOH 


MeNH 


NO, 

-©-NO, 


11% (in MeCN) 
47% (in MeCOOH) 


Me,N 


^H0-Me 2 N 


40% 


Me 2 N 
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52% (in MeCN) 
77% (in MeCOOH) 


Me,N 



NO, 



NO, 


+ MeNH 


NO, 


Cl 


in MeCN 6% 22% 

in MeCOOH 17% 25% 


Further studies on the CAN reaction of A'-alkyl-A'-methyl anilines indicate that the ratio 
of dealkylation vs. demethyiation depends on the nature of nuclear substituents. 114 On the 
other hand, demethyiation is always preferred with the weaker oxidant thallium(III) nitrate. 
The nuclear nitration appears to correlate with the electrophilicity of the bidentate nitrato 
ligand-bearing species. 

1-Dimethyiaminonaphthaiene undergoes self-coupling at C-4. 113 In the presence of 
excess oxidizing agent, the quinodiimonium salts are formed. 



Mesidine has been oxidized to a dimeric quinoneimine in 70% yield with cerium(IV) 
sulfate, whereas under aprotic conditions trihydroxycerium(IV) hydroperoxide converts 
p-toluidine into 4,4'-dimethylazobenzene (55%—65% yield). 9 
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1 (-p-Toluidino (naphthalenesuifonic acids dimerize in different ways on oxidation with 
cerium(IV) sulfate, 117118 according to the positioning of the sulfonic acid group. 
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.V-Alkyl-4-cyanopyridinium salts are reported to give dimers by base treatment with 
alkali and then with oxidizing agents including cerium(IV) sulfate. 119 


Me.N^GN 


Me -?yHQN-Me 

2X- 


l-(Diphenylphosphoryl)-3.5-diacetyl-l,4-dihydropyridine undergoes P-N bond scission 
to give 3,5-diacetylpyridine and a phosphate ester when oxidized with CAN in an alcohol. 120 

Methanolytic ring fission of l,2-di(carbazoi-9-yl)cyclobutane 121 is promoted by CAN in 
methanol. 



Benzyltetrahydroisoquinoline alkaloids including laudanosine, tetrandrine, heman- 
dezine, and 0-methyimicranthine have been degraded into a benzaldehyde and a dihydro- 
isoquinolinium ion with CAN in buffered acetic acid in excellent yields. 122 

Secondary amides may be protected as p-methoxybenzyl or p-anisyl derivatives. By 
virtue of their selective deblocking with the Ce(IV) ion iV-( p-met hoxy benzyl )- 
diketopiperazines 123 and iV-( p-anisy 1 )monobactams 124,125 have been successfully employed as 
synthetic intermediates. Again it should be noted that the oxidation occurs at the aromatic 
ring and not at the nitrogen atom. 
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Hydrative dimerization 126 occurs when ethyl tetrahydronicotinate is exposed to CAN in 
a two-phase system (H,0—CHC1,)- 


EtOOC COOEt 



H H H 


Cerium(IV) salts cause a change in color of a chlorophyll solution from green to 
yellow. 127 This transformation can be reverted by reducing agents. 

Cerium(IV) ion-catalyzed decomposition of aryldiazomethanes 128 leading to the for¬ 
mation of cis- and trans-stilbenes has been described; the cw-isomers are the predominant 
products. Strong electron-withdrawing groups inhibit the reaction. 
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Cyclopropanes, in some cases together with alkenes, are obtained from pyrazolin- 
3,3-dicarboxylic esters 129 on treatment with catalytic amounts of CAN. 

The dehydrogenation of substituted dibenzylhydroxylamines 130 to isomeric nitrones can 
be accomplished with various oxidizing agents, including CAN. 



3.5. Organosulfur Compounds 

Ceric ammonium nitrate promotes selective oxygenation of diaryl sulfides to 
sulfoxides 131 at room temperature in excellent yields. Even in the presence of excess oxidant, 
sulfones are not formed. However, bis-[4-methoxyphenyl] sulfoxide can be further oxidized 
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to the sulfone under more vigorous conditions 132 ; on the other hand. bis-[4-chlorophenyl] 
sulfoxide is completely stable. 

This method is not particularly suitable for the oxidation of aliphatic sulfides, 
presumably because the products are prone to Pummerer rearrangement. Nevertheless, mass 
spectral analysis indicated that the reaction of di-n-butyl sulfide provides predominantly the 
sulfoxide. 

More recent work has shown that a dual oxidant system containing catalytic amounts of 
CAN can be used to oxidize sulfides to advantage. The essentially nonacidic conditions per¬ 
mit the acquisition of dialkyl sulfoxides in high yields. 133 

It is of interest to note that 1,3-dithioIanes and 1,3-dithianes are readily degraded to 
their parent carbonyl compounds. 134 The mild experimental conditions and broad 
applicability of this reaction should prove invaluable to extending the use of dithioacetal 
protecting grous in organic synthesis. The dethioacetalization constitutes a step in a synthesis 
of cts-jasmone 135 and in C-formylation of carbohydrates. 136 



It is interesting to note that y-thioacetalated phosphonium salts suffer oxidative 
desulfurization readily, except for the phosphonium nitrates. 137 The abnormal sulfoxide for¬ 
mation intervenes only when the anion is a nitrate and the phosphonium center is three car¬ 
bon atoms away from the thioacetal carbon. 

The production of an unsaturated aldehyde from CAN oxidation of 2-(l-phthalimido- 
ethyl)-l,3-dithiolane 138 is due to a nucleophilic participation of the imidic oxygen atom 
which directs the generation of the ketene dithioacetal. Being more inert to hydrolysis the 
ketene dithioacetal undergoes allylic oxidation instead. 



In a synthesis of the antitumor sesquiterpene vemolepin, 139 difficulties were encountered 
in converting a hemiacetal ether intermediate to the lactone. The problem was solved by 
means of exchange to the monothioether followed by a two-step oxidation: first with CAN, 
then with Jones' reagent. 
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Thiols are oxidized to the disulfides with a variety of Ce(IV) reagents 7 10 in excellent 
yields. 


3.6. Aromatic Compounds 


3.6.1. Quinones from Phenol Derivatives and Polycyclic Arenes 

Electron-rich arenes such as oxygenated benzenes and polycyclic aromatic hydrocarbons 
are quite reactive toward Ce(IV) species. Exceptionally facile oxidation of hydroquinones to 
quinones has been reported. 140 

The hydroquinones oxidation is rather general, as it is applicable to the preparation of 
p , o -, and diquinones. The base sensitive fluorobenzoquinone has been obtained using this 
method. 141 The dual oxidant system CAN-NaBr0 3 is also useful. 133 

Hydroquinone monoalkyl ethers 142 143 are converted to the quinones; these include the 
condensed ring analogs such as 6-hydroxychromans and 5-hvdroxycoumarans. 144 145 ]n a 
similar manner, 3-/-butyi-4-dimethyiaminophenol is oxidatively deaminated. 146 


OH 



OH 


Some interesting results emerged from the Ce(IV) oxidation of 1,4-dimethoxybenzenes. 
Using excess cerium(IV) sulfate, dimeric quinones have been obtained. 147 



Simple oxidative demethylation occurs when 2,5-alkyl-l,4-dimethoxybenzenes 148 149 are 
treated with CAN in aqueous acetonitrile. Even benzylic hydroxyl and f-butoxy-carbonyl 
functions survive the oxidation. 
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Similarly, 1,4-dimethoxynaphthalene and l,2-dimethoxy-3,5-di-/-butvibenzene are 
oxidized to the quinones. De-/-butylation occurs to some extent. 
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At least for p-quinone formation the oxidation is best performed in the presence of an 
azinecarboxvlic acid derivative (e.g., pyridine-2,6-dicarboxyiic acid /V-oxide) 150 which com¬ 
plexes with the metal ion. Pyridine-2,4,6-tricarboxylic acid appears to be the best catalyst, 
and it has been used in the synthesis of ubiquinone-2, menaquinone-2, and their analogs. 1 
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Regioselective oxidation of the C-ring in a tetracyclic intermediate by CAN helped clear 
the synthetic pathway leading to daunomycinone. 152 
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Alternatively, a highly functionalized dimethoxytetralin was oxidized to the quinone in 
97% yield which was ultimately converted into 4-demethoxydaunomycin.' 53 



When the substituted p-dimethoxy benzene contains properly hydroxylated side-chain, a 
dioxaspiro system may result 154 from the Ce(IV) oxidation. 



Controlled CAN oxidation with in situ amination completed a synthesis of the antibiotic 
sarubicin A. 155 The yield of 74% represents an extremely effective reaction in view of the 
presence of the many functional groups. 
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In a synthesis of the alcohol dehydrogenase coenzyme 156 from methylotrophic bacteria, 
the o-quinone unit was established by means of CAN oxidation. 
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o-Quinones are also produced in the Ce(IV) oxidation of alkoxybenzimidazoles. 157,158 
Noteworthy is the accompanying dealkylation. 



R = Me. X = Cl 
R = Et. X = NHAc 


Although the preparative value of the Ce(IV) oxidation of simple phenols is probably 
low, it is indicated that (2,3-, 2,5-, 3,5-) xylenols give the corresponding quinones as sole 
products 159 on the basis of thin layer chromatography. 

In structural terms, furans may be considered as truncated 1,4-dialkoxybenzenes. The 
electron-richness of these heterocycles makes them susceptible to attack by Ce(IV) ions. 
Indeed, fair yields of enedicarbonyl products are obtained from such oxidations. 160 
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The major products from the CAN oxidation of polycyclic arenes in aqueous 
acetonitrile are quinones. 161 For example, 1,4-naphthoquinone (20%), 9,10-anthraquinone 
(61 %), phenanthrenequinones (9,10-: 27%, 1,4-: 11 %), and 2-(phenylethynyl)-l,4-naphtho- 
quinone (87%) 149 have been obtained. Better yields of the quinones are claimed for the 
oxidation carried out with cerium(IV) ammonium sulfate. 162 A recently developed 
preparative system 653 consists of CAN, AgN0 3 , sodium dodecyl sulfate and ammonium per¬ 
sulfate. 

It has been shown that 1,4-naphthoquinone formation is accompanied by a 1,2-shift of 
the a-substituent. 163 However, an arene oxide is not involved. By this evidence the 
mechanistic difference between Ce(IV) and Cr(VI) oxidation of arenes is further substan¬ 
tiated. 
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In a recent patent the preparation of benzene 164 from anthracene is described. The 
process involves Ce(IV)-catalyzed oxidation and thermal cracking of the resulting anthra- 
quinone. 

The most convenient method for the synthesis of biphenylene-2,3-dione appears to be 
that of CAN oxidation of the hydrocarbon. I6S 



21% 6.7% 1.8% 


Incorporation of solvent other than water into the substrate can be appreciated from 
examination of the CAN oxidation of anthracene. 166 In methanol, anthracene is converted 
into bianthrone (7%), anthraquinone (35%), and 10-methoxyanthrone (58%). It appears 
that the anthracene radical cation is intercepted to form anthrol nitrate. Hydrolysis of the 
latter compound and further oxidation then lead to the observed products. Under similar 
conditions, anthrone, xanthene, and thioxanthene are oxidized to anthraquinone (80%), 
xanthone (87%), and thioxanthone (75%), respectively. 167 Acridine yields acridone (66%) 
and small amounts ( < 5 %) of 3-nitroacridone, 3,7-dinitroacridone, and biacridone. 

In refluxing acetic acid 1,3,7-trinitroacridone and 1,3,7,9-tetranitroacridone are 
produced (16% and 67%, respectively). Phenazine gives mono-A-oxide (54%). Electron- 
rich benzene derivatives such as anisole undergo acetoxylation with CAN in acetic acid. 
The o/p isomer distribution follows the odd-electron density at the various positions of the 
anisole radical cation. It is significantly different from that observed in the Pb(OAc) 4 /HOAc 
reaction. On the other hand, polynitro benzene derivatives may be alkylated by degrading a 
carboxylic acid (RCOOH -» R‘) with CAN in their presence. 168 

A rather unusual use of cerium(IV) is in the assessment of the amitriptylene level in 
plasma through extractive oxidation which yields anthraquinone. 169 The latter is then deter¬ 
mined by electron-capture gas chromatography. The Ce(IV) oxidation is better than that of 
alkaline permanganate, chromic acid/acetic acid, and barium peroxide in sulfuric acid. 


O 



3.6.2. Miscellaneous 

Benzyiic methyl and methylene groups can be converted to carbonyl functions by treat¬ 
ment with cerium(IV) species in an acidic medium (acetic, nitric, or perchloric acid). 170171 
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The reaction normally stops at the mono-carbonyl stage, because the electron-withdrawing 
function thus introduced deactivates the ring such that further electron transfer becomes very 
difficult. However, a second methyl group may undergo oxidation under more drastic con¬ 
ditions. 

Continuous regeneration of the Ce(IV) species in an anode for the oxidation of 
alkylbenzenes 177 ' 173 such as p-xylene, r-butyltoluene. and p-cresyl methyl ether to the 
corresponding aldehydes is a preparatively expedient process. 

The effect of surfactants on CAN oxidation is the following. 174 Cationic (ammonium 
salts) and nonionic (polyethers) surfactants tend to inhibit the reaction, whereas the anionic 
surfactant sodium dodecyl acts as a promotor. Binding of the aromatic compounds and the 
Ce(IV) ions to the surface of the micelles is the basis of the catalytic action. 

The Ce(IV) oxidation is a key step in the synthesis of 19-norsteroids 175 from 1-methyl- 
estradiol derivatives. The latter compounds are obtained from A l,4 -androstadien-3-ones. 


OAc OAc OAc 



Interestingly, oxidation of 4-methylestra-l,3,5( 10)-trienes gives the corresponding 
6-acetates. 176 

OAc OAc 




The methyl ether and acetate of estrone are rapidly oxidized at C-9 to furnish the 
z( 9 ' (11 ’-derivatives. 177 The styrenes are then transformed into the 9a.ll/f-diol 11-nitrates. 

5-Methylbenzimidazoles are susceptible to CAN oxidation to provide aldehydes. 178 
However, demethylative (at C-6) nitration occurs when 5,6-dimethylbenzimidazol-2-one is 
treated with CAN. 
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The CAN oxidation of dipyrromethanes to dipyrroketones 179 is superior to previously 
known procedures using either lead(IV) or halogens. 
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l-Methoxy-cyclohexano[I, 2-6]-9//-xanthen-9-one is oxidized by CAN at the benzylic 
position activated by two ethereal oxygen atoms. 180 


O OMe O OMeO 



54% 


It should be emphasized that the nature of the benzylic oxidation product is a function 
of reaction conditions as well as stoichiometry. In oxygen-free acetic acid and with two 
equivalents of CAN, polymethylbenzenes give benzyl nitrates and acetates, 55 the ratio of 
which depends on the homogeneity of the reaction. In dilute nitric acid, benzyl nitrates are 
formed. 181 

Rather oddly, mesitylene undergoes nuclear acetoxylation in oxygen-free acetic acid in 
the presence of CAN, as previously mentioned. Dimesityl is produced when mesitylene is 
treated with cerium!IV) trifluoroacetate in trifluoroacetic acid. 58 The low nucleophilicity of 
the trifluoroacetate ion and acid accounts for their negligible participation in the product for¬ 
mation. 

A free radical aromatic nitromethylation of benzene and toluene with nitromethane by 
Ce(IV) salts 182 indicates that best results are from reaction with cerium(IV) acetate 
generated by ozonation of Ce(III) species in acetic acid. With this reagent the side reaction 
leading to aldehyde is avoided. Cerium!Ill) nitrate is effective for that side reaction. 

Polymethylbenzenes, polymethoxybenzenes, and naphthalene undergo nuclear 
iodination 183 with either alkali iodides and tetrabutylammonium iodide, or molecular iodine, 
and in the presence of CAN in acetonitrile. Stoichiometric and substoichiometric quantities 
of Ce(IV) salt are required in the case of iodide and iodine, respectively. 

d^io^-Tetrahydrocannabinyl acetates are oxidized by CAN to afford 7-oxo 
derivatives. 184 The allylic oxidation is expected on the ground that the free radical at C-7 is 
the only one which enjoys an extended conjugation with the aryl oxygen atoms. 



Ring opening has been observed when arylcyclopropanes are treated with ceric 
ammonium nitrate. 185 Similarly, 1,2-diarylethanes are converted only to cleavage products. 186 


Ph ^ 

► Ph YV ON ° : 
ONO, 

+ Ph Y^ OAc 

ONO : 

Ph ^ — 

► Ph Y"y Ar 

+ Ph ^v Ar 

Ar 

O : N0 ONO : 

CKNO OAc 

ArCH 2 CH 2 Ar - 

ArCHO + ArCH : 

OH + ArCHjONO, 


Undoubtedly both reactions are initiated by electron removal from the aromatic rings. 
Cerium(IV) acetate promotes a radical-type addition of acetic acid to aromatic 
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hydrocarbons to give arylacetic acids (30%^40%). 187 The reaction with styrene proceeds in 
exactly the same manner as that effected by manganese(III) acetate. 

PhCH = CH ; p h ^O 

However, the main product from a photochemical reaction is an ester. 

PhCH = CHMe CelOAc>J , PhCH-CHMe, 

H, , 

OAc 

This ester arises from interception of the methyl radical generated from the decom¬ 
position of cerium(IV) acetate. 


3.7. Organometallics 


Organometallic complexes liberate rr-lingands on treatment with cerium(IV) ion. Thus, 
the theoretically very interesting molecule cyclobutadiene was first shown to exist in the free 
state by its release from the iron tricarbonyl complex on treatment with cerium(IV). 188 

The triphase technique provides another stringent probe for the existence of free, singlet- 
state cyclobutadiene. 189 By attaching the cyclobutadienyliron carbonyl complex and a 
dienophile to polymeric supports, treating the polymer mixture with a cerium(IV) solution, 
the Diels-Alder adduct of cyclobutadiene with the dienophile has been obtained. The 
cyclobutadiene released from a solid phase moves through the solution and then anchors to 
another solid. 

When an optically active, substituted cyclobutadieneiron tricarbonyl was subjected to 
CAN oxidation in the presence of dienophiles, only racemic Diels-Alder adducts were 
formed. 190191 At 50% reaction, the recovered complex retained its optical activity, while the 
adduct was in racemic form. 191 



When the complexes containing a dangling dienophilic side-chain are exposed to 
CAN, intramolecular Diels-Alder reaction could result. For compounds with short chains, a 
trapping process involving a C-Fe bond formation becomes competitive to ligand release; 
this process leads to optically active products from optically active metal complexes. 192 


SCHEME 6 
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SCHEME 7 



O 


By virtue of this technique of nascent cyclobutadiene generation, many intriguing com¬ 
pounds become accessible. Examples include short routes to cubane 1 and 
hypostrophene. 194 A related application pertains to the homopentaprismanone synthesis. 



oc' CO 


Cyclobutadiene has also been captured by 3,5-di-/-butyl-l,2-benzoquinone, 196 affording 
the adduct in 51 % yield. As o-quinones are accessible in an instantaneous CAN oxidation of 
catechols, it is of interest to modify the technique (cooxidation) so that adducts from less 
stable, less highly substituted o-quinones may be formed. 




r\ 


o 


o 


o 


Fe(CO), 



9,10-Dewar-anthracene has been synthesized from a fused cyclobutadiene tricar- 


bonyliron. 


O? + 0C° -“*• 

Fe(CO), ~ J 


O 
48% 


Release of the organic ligand from metal complexes often leads to products with totally 
different bonding characteristics, if the free ligand is thermodynamically unstable. For exam- 
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pie. the formal Diels-AIder adduct of two benzene molecules, when liberated from its tricar- 
bonyliron complex 198 by Ce(IV) oxidation, immediately reverts to benzene. Electrocyclic 
isomerization of the olefin ligand is attended by the oxidation of the complex of tricyclo- 
[4.3.0.0 7,9 ]nona-2.4-diene. 199 if the educt is warmed above 30°C. 


Fe(CO), 



<OC),Fe 


-o> 



Carbonyliron compiexation of allenes is accompanied by a C-C bond formation with 
the central atom. The free ligand of such complexes cannot exist as a stable entity; therefore 
hydrogen shifts within the molecular framework is inevitable. The formation of tetralin from 
1,2,5,6-cyclodecatetraene 200 is illustrative. 



The cycloadditive reactivity of polyenes can be modified by compiexation with 
transition metals. Metal-free adducts can then be generated by Ce(IV) oxidation. 201 ' 202 

Metal compiexation also provides a means of alkene purification (e.g., via the well- 
known Ag + complexes). Thus the highly strained inside-outside bicycloalkadiene derivatives 
have been isolated as Fe(CO), complexes and then regenerated by CAN oxidation. 203 


(CH,), 




Fe(CO), 


A two-step reduction of cross-conjugated dienones has been achieved by consecutive 
reactions with an iron carbonyl and CAN. 204 Similar diene (2-methoxy vs. 2-hydroxyl) com¬ 
plexes are obtainable from alkylation involving the complexed methoxycyclohexadienyl 
cation. Upon removal of the metal moiety from the adduct, either a cyclohexenone 205 or a 
substituted anisole 206 may be formed. 
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By a hydride abstraction the 1,3-cycloheptadieny! complex becomes susceptible to 
attack by nucleophiles. 207 Thus a net allylic substitution results after the decomplexation. 

Cp jD- N “ €>“ 

Fe(CO), Fe(CO), 


Simple olefins can also be activated in the form of the tetracarbonyliron complexes such 
that they react with sodiomalonic esters. 208 Iron-free alkylmaionates are released accordingly. 


Jj-Fe(CO) 4 

Ic 


+ NaCR'fCOOR" 


R COOR" 


R' COOR" 


Friedel-Crafts acylation of butadiene (hexacarbonyl)diiron followed by protolysis and 
Ce(IV) oxidation furnishes 2-acylbutadienes. 209 These products are extremely reactive and 
they possess high potential for synthesis. 


(OC),Fe-Fe(CO), 


R 

Fe(CO), 


Cc(IV) 



o 


Mixtures of 2,5- and 2,6-disubstituted benzoquinones are produced from a two-step 
reaction 210 : photodimerization of alkynes in the presence of pentacarbonyliron and Ce(IV) 
oxidation in aqueous ethanol. 

In an approach to aklavinone, a reaction of an alkyne with a carbene-chromium com¬ 
plex yielded a naphthol derivative. Oxidation of the latter compound with CAN led directly 
to a crucial naphthoquinone intermediate. 211 


^Pl^Cr(CO) 5 + 

MeO OMe 


CAN 

MeO O OMe 


O COOMe 



OH O HO OH 
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The tricarbonylchromium group activates an aromatic ring it complexes. As the benzylic 
hydrogen is also acidified, a process for specific deuteration at that carbon atom is realized 212 
when decompiexation with Ce(IV) ion is taken into account. 

Organometallic sandwiches are rapidly destroyed by Ce(IV) ions. Kinetic studies 213 
show the reaction of ferrocene involving initially a fast one-electron transfer. Nickelocene 
forms a 1:2 adduct with dimethylketene whose structure was revealed with the aid of CAN 
oxidation. 214 


Ni + 2 

Oxidative degradation of alkene-metal complexes can result in C-C bond formation. 
This process holds great promise in the synthesis of many intriguing molecules. The excep¬ 
tionally expedient synthesis of triquinacene-2-carboxylic acid 215 is instructive. 




COOH 


The monoepoxides of conjugated dienes react with pentacarbonyliron to afford com¬ 
plexes in which CO insertion into the oxirane had occurred. CAN oxidation leads to 
/1-lactones. 216 Similarly accessible are the /3-lactams. 217 


O 



Somewhat related is the carbon monoxide insertion reaction that results in 
thiolactones 218 from the oxidative cleavage of the thiobenzophenone-hexacarbonyldiiron 
complexes. 



Fe(CO), 

e(CO), 


R 


CAN 



o 


R 


When the acylmetal intermediate is intercepted by an external nucleophile, a carboxylic 
acid derivative (e.g., ester) is formed in the process. 219-221 


H 


D 


H 


D 


D i"^ H 

CpFefCO), 


D 


H 

COOMe 
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However, exceptions" 2 are known. 


CN 

NC-kv Fe(C °^ C P 

NC-S^OMe 


Ce(IV) 
CO. ROH 


CN 

Nc-k\PR 

NC 4-\)Me 

CN 

88 % 


Although Ce(IV) oxidation has been extensively applied to organoiron complexes, sub¬ 
stances containing other transition metals also undergo facile demetallation; examples 
include coupling of diarylnickel (III) 223 and disengagement of manganese from its aliene 
complexes. 224 

Transition metal-carbenoid complexes give carbonyl compounds on oxidation. Cerium 
(IV) salts, especially CAN, have been frequently used for this purpose. 225 ' 226 The synthesis of 
x-methylene-y-butyroiactone 227 demonstrates a unique approach to such reactive molecules. 

ri _^an_ /-f 

^O^CrfCOK 

76% 


Metal clusters that contain carbon-metal bonds suffer oxidative degradation on 
exposure to Ce(IV) ion, as shown by the following examples. 228 ' 229 


R. „Q 


(OC),Co^PCo(CO), 

"Co 

(CO), 


CAN 


H,0 

Me,CO 



COOH 


R Me 88% 
R Ph 79% 


(OC),CO-CO(CO), 


3.8. Miscellaneous Topics 

Since cerium(IV) is a strong oxidant, it effects O-H bond rupture of hydroperoxides, as 
lead(IV) does. These reactions have been used for preparing high concentrations of 
alkylperoxy radicals for ESR investigations. 230 Since very small amounts of addition 
products are detected in the decomposition of hydroperoxides in the presence of olefins, 231 
the reaction has little synthetic value. 

ROOH -t-Ce(IV)-- ROO' + H + + Ce(III) 

An interesting observation is that singlet oxygen is generated (and intercepted by 
9,10-diphenylanthracene) from the CAN oxidation of sec-butylhydroperoxide, 232 but not 
from /-butyl hydroperoxide or hydrogen peroxide. 

A combination of aged (20 years) or thermally treated cerium(IV) oxide with hydrogen 
peroxide is capable of oxidizing a number of phenols and homonuclear conjugate dienes. 233 
The reaction is attributed to singlet oxygen generated on the surface of cerium(IV) oxide. 
Comparison of this oxidizing system with trihydroxycerium (IV) hydroperoxide 9 should be 
interesting. 
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Cerium salts catalyze autoxidation of organic molecules, although only sporadic exam¬ 
ples are found in the literature. Thus, cyclic ethers, such as tetrahydrofuran, are oxidized to 
lactones in moderate yields. 234 However, 2,6-dimethyl-tetrahydropyran-3-carboxaldehyde 
gives the corresponding acid without oxidation at the 2 or 6 position. 235 

Telomerization of butadiene to give 1,8-dibromooctadiene in 46% yield is observed 236 
when the former is treated with ceric ions in the presence of bromide ions in an aqueous acid 
solution. 


2H,C = CH-CH = CH 


Ce ,v /Br' 


BrCH, — CH = CH — CH — CH = CH — CH 2 Br 


In the presence of olefins, the azido radical, generated by electron removal from the 
azide ion with CAN, is trapped, resulting in the formation of a-azido-/?-nitroalkanes.' 37 

A catalytic effect of cerium(IV) on oxidation with other reagents is often observed. In a 
prostaglandin synthesis, 238 a key intermediate is obtained by Ce(IV)-catalyzed chromic acid 
oxidation of a cyclopropanol. Other reagents, including Hg(II), Tl(III), Pb(IV) acetates, are 
either totally ineffective or inferior. 



The Ce-Cr system effects complete oxidation of many organic molecules such as sugars 
to carbon dioxide and water under mild conditions, 239 ' 240 while Ce(IV) alone brings about 
oxidation to formic acid. 

A mechanistically obscure reaction of CAN with bromoalkanes in the presence of 
uranium(VI) fluoride 241 delivers mostly alkyl nitrates. 


NOTE ADDED IN PROOF 

Unsaturated carbonyl compounds are obtained via oxidative fragmentation of 
y-hydroxy silanes. 252 

In constructing a CD-ring synthon for vitamin D,, 9-bromocamphor was elaborated to 
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an isoborneol homolog. CAN cleavage of the latter compound afforded a cyclopentene con¬ 
taining three contiguous chiral centers which correspond to the configurations of C-13, 17, 
and 20 of the steroids. 253 

p-Hydroxyphenyl and p-dimethylaminophenyi esters are susceptible to cleavage by CAN 
in the presence of water. 254 

Polycyclic aromatic compounds undergo oxidative nitration on exposure to silica gel- 
supported CAN. 255 


4. EXPERIMENTAL CONDITIONS AND PROCEDURES 

In general, cerium(IV) oxidation is conducted in acetic acid, acetone, acetonitrile, and 
their aqueous mixtures. These are the solvents which are quite resistant to destruction by the 
strong oxidant, while having compromising solvent power for both the oxidant and most 
organic compounds. Depending on the reactivities of the substrates, the oxidation may be 
accomplished at ambient temperature to 100°C, most conveniently in the range of 60-75°C. 
Oftentimes, the reaction can be monitored by noting color change of the reaction mixtures. 

The most commonly used reagents are cerium(IV) sulfate, cerium(IV) perchlorate, and 
especially the double salt ceric ammonium nitrate (CAN, or diammonium hexanitratocerate). 
All these compounds are relatively nontoxic and are readily available in the U. S. and 
Western Europe (see Chem Sources). 

Preparation of DinitratoceriumfIV) Chromate Dihydratef To a hot solution of 
potassium dichromate (3.2 g, 10 mmol) in distilled water (10 ml) is added a solution of CAN 
(5.48 g, 10 mmol) in water (20 ml) with stirring. On cooling, the orange-red precipitate is 
filtered and washed several times with distilled water and acetone and dried in the air to give 
the title compound (3.2 g, 79%). 

Preparation of Trihydroxycerium Hydroperoxide . 9 To a stirred solution of cerium (III) 
chloride heptahydrate (7.4 g) in water (100 ml) is added concentrated ammonium hydroxide 
(15 ml) and then 30% hydrogen peroxide (20 ml). Stirring continues for 15 min and the 
orange-red precipitate is collected and washed thoroughly with water and then with acetone. 
Drying in the air affords the hydroperoxide (4.45 g, 95 %). 

Oxidation of Organic Compounds with DinitratoceriumfIV) Chromate Dinitrate or 
Trihydroxycerium Hydroperoxide . 8 ' 9 A mixture of the cerium(IV) reagent (20-40 mmol) and 
the organic compound (10 mmol) in benzene (20-30 ml) is refluxed for 5-300 min. The 
cooled reaction mixture is filtered, and the filtrate evaporated. The product is isolated by 
silica gel chromatography. 

General Procedure for the Oxidation of Benzyl and Related Alcohols by Ceric Ammonium 
Nitrate.™ To a solution of the alcohol (19 mmol) in glacial acetic acid (40 ml) is added 1 N 
aqueous ceric ammonium nitrate (40 ml), and the whole is heated at a temperature up to 
90°C to complete the reaction (fading of the deep red color to yellow or colorless). The 
mixture is cooled, diluted with water, and extracted thrice with ether or dichloromethane. 
The combined organic extracts are washed with water, base, and then dried. The solvent is 
removed and the product analyzed by NMR spectroscopy. 

Ceric Ammonium Nitrate Oxidation of Adamantan-2-ol. 34 Adamantan-2-ol (475 mg, 
3.2 mmol) in acetonitrile (10 ml) is treated with ceric ammonium nitrate (14.25 g, 26 mmol) 
in water (30 ml) for 3 h at 60°C. After cooling to room temperature, the reaction mixture is 
extracted with chloroform. Evaporation of the dried exact yields a yellowish waxy solid 
which is sublimed to give 2-oxahomoadamantan-3-one; yield: 250 mg (50%); m.p. 
285-287°C. 

Procedure for Regeneration of Carbonyl Compounds from Oximes and Semicarbazones, n 
The oxime or semicarbazone (5 mmol) is dissolved in ethanol (20 ml), cooled to the selected 
temperature (—20-0°C), and mixed with the oxidant prepared by adding aqueous ceric 
ammonium nitrate (0.3 M in 0.5 or 1.0 N nitric acid, 67 ml, 20 mmol) at 0°C to ethanol at 
—40°C, which is then adjusted to the desired reaction temperature. After being stirred for 
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5 min. the mixture is diluted with an equal volume of ice water and extracted with 
chloroform (3 x 50 ml). The extracts are processed in the usual manner to yield the carbonyl 
product. 

CAN/NaBrOj Oxidation of Sulfides.' 33 A mixture of sulfide (2 mmol), sodium bromate 
(378 mg, 2.5 mmol), and CAN (28 mg, 0.05 mmol) in aqueous acetonitrile (10 ml, 7:3 v/v) 
is stirred vigorously at room temperature. Extractive work-up with chloroform and 
recrystallization or distillation of the product gives the sulfoxide. 

General Procedure for Dethioacetalization with Ceric Ammonium Nitrate . 134 Treatment of 
the dithioacetal (1.0 mmol) in 75% aqueous acetonitrile (12 ml) with ceric ammonium 
nitrate (4.0 mmol) at room temperature for 3 min, followed by quenching with water and 
extraction with ether, gives the parent carbonyl compound. The pure product is obtained by 
distillation, by filtration through a neutral alumina column and recrystallization, or as its 
2,4-dinitrophenylhydrazone. 

Hydrolysis of Carboxylic Acid Hydr azides by Ceric Ammonium Nitrate: General 
Procedure . 104 Addition of ceric ammonium nitrate (1.65 g, 3 mmol) to a stirred solution of 
the acid hydrazide (1 mmol) in 75% aqueous acetonitrile (8 ml) results in a brisk, exother¬ 
mic reaction. Work-up of the colorless mixture by dilution with water, extraction with ether, 
drying, and concentration of the extract yields a crude acid which is purified by alkaline dis¬ 
solution, reacidification, and recrystallization or sublimation. 

Cerium)IV) Ammonium Sulfate Oxidation of Polycyclic Aromatic Hydrocarbons: 
General Procedure.' 62 To a solution (or suspension) of the organic substrate (1 mmol) in 
acetonitrile and 4 N sulfuric acid (40 ml/10 ml), cerium(IV) ammonium sulfate (6 mmol) in 
4 N sulfuric acid (50 ml) is added and the mixture is stirred. The cerium (IV) salt 
precipitates as the reaction proceeds. The solution is decanted into a separatory funnel, 
diluted with water, and extracted with ether. The solvent is removed under reduced pressure. 

4-Hydroperoxy-4-methyl-2,6-di-t-butylcyclohexa-2,5-dienone. 233 4-Methyl-2,6-di-/-butyi- 
phenol (220 mg) in ethanol (20 ml) is treated with technical cerium(IV) oxide (400 mg) and 
hydrogen peroxide (30%; 10 ml). The mixture is heated under reflux for 2 h, cooled, and 
filtered. The filtrate is diluted with water (200 ml) and extracted with ether (3x30 ml). 
Evaporation of the dried extracts (MgS0 4 ) gives the hydroperoxy-dienone (180 mg, 70%), 
m.p. 115-116°C. 


5. TABULAR SURVEY OF OXIDATION REACTIONS 

In the following tables, the reagent is identified by: 

1. CAN/H-,0 

2. CAN/ROH 

3. CAN/HOAc 

4. CAN/aq.CH 3 CN 

5. CAN-azinecarboxylic acids 

6. CAN-NaBr0 3 /aq. CH 3 CN 

6a. Ce(S0 4 ) 2 -NaBr0 3 /aq. CHjCN 

7. Ce(C10 4 ) 4 /H,0 or Ce(IV)/HC10 4 

8. CAS 

9. Ce(IV)/H 3 0 + 

10. (Et,NH),Ce(N0 3 ) 6 /CH,Cl 2 

11. [Ce(N0 3 ) 3 ] 2 Cr0 4 /CH,Cl, 

12. [Ce(N0 3 ) 3 ] 2 Cr0 4 /C 6 H 6 

13. Ce(N0 3 LCr0 4 2H 2 0/C 6 H 6 

14. Ce(OH) 3 OOH/C 6 H<, 

15. [Ce(N0 3 ) 3 ]H 2 I0 6 /C 6 H 6 

16. Ce(IV)-Ag(I)-(NH 4 ),S 2 0 8 
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TABLE II. Ce(IV) Oxidation of Alcohols 


Alcohol 

Reagent 

Product (Yield, %) 

Reference 

C,H,OH 

5 

CH 3 CHO (90) 

66 

c-C,H 5 CH,OH 

1 

c-C,H,CHO (64) 

68 

PhCH, OH 

3 

PhCHO (94) 

70 


6 

PhCHO (90) 

65 


10 

PhCHO (95) 

6 


11 

PhCHO (25-30) 

7 


12 

PhCHO (85-95) 

7 


13 

PhCHO (100) 

8 


14 

PhCHO (95) 

9 


15 

PhCHO (90-95) 

10 

4-BrC 6 H 4 CH,OH 

3 

4-BrC*H 4 CHO (93) 

70 

4-0,NC 6 H 4 CH,0H 

3 

4-0,NC 6 H 4 CH0 (92 + 9) 

70 


13 

4-O,NC 6 H 4 CHO(20) 

8 


14 

4-O,NC 6 H 4 CHO(60) 

9 

4-MeQ,H 4 CH,OH 

6 

4-MeC«H 4 CHO (92) 

65 

4-MeOC 6 H 4 CH,OH 

3 

4-MeOC 6 H 4 CHO (94) 

70 


10 

4-MeOC 6 H 4 CHO (97) 

6 


14 

4-MeOC e H 4 CHO (95) 

9 


15 

4-MeOC 6 H 4 CHO (90-95) 

10 

3,4-001,0^,0^ OH 

12 

3,4-OCH 2 OC 6 H, CHO (85) 

7 


13 

3,4-OCH 2 OC 6 H j CHO (75) 

8 


14 

3,4-OCH 2 OC 6 H,CHO (90) 

9 

9-Phenanthrene-CH, OH 

14 

ArCHO (50-65) 

9 

l,2-C„H 4 (CH,OH), 

12 

I,2-C 6 H 4 (CHO)CH 2 OH (40) 

7 



l,2-C 6 H 4 (CHO ) 2 (40) 



13 

l,2-C 6 H 4 (CHO ) 2 (85) 

8 


15 

l,2-C 6 H 4 (CHO) CH 2 OH (40) 

10 



I,2-C 6 H 4 (CHO ) 2 (55) 


Furan. 2.5-Ph,-3.4-(CH,OH), 

14 (1.5 equiv.) 

Ar(CHO) CH : OH (85) 

6 


14 (4equiv.) 

Ar(CHO), (95) 

6 

Thiophene. 2.5-Ph,-3,4-(CH,OH), 

14 (1.5 equiv.) 

Ar(CHO)CH,OH (85) 

6 


15 ( 2 equiv.) 

Ar(CHO) CH 2 OH (85), 




Ar(CHO ) 2 (7), lactone (3) 

10 


15 (4equiv.) 

Ar(CHO) CH 2 OH (40), 




Ar(CHO ) 2 (50), lactone ( 6 ) 

10 

PhCH = CHCH,OH 

10 

PhCH = CHCHO (10) 

6 


12 

PhCH =CHCHO (10), PhCHO (5) 

7 


13 

PhCH = CHCHO (20), PhCHO (10) 

8 


14 

PhCH = CHCHO (15) 

9 


15 

PhCH =CHCHO (70), PhCHO (30) 

10 

Ph,CHOH 

6 

Ph 2 CO (83) 

65 


10 

Ph 2 CO (97) 

6 


11 

Ph 2 CO (30-35) 

7 


12 

Ph 2 CO (95) 

7 


13 

Ph 2 CO (100) 

8 


14 

Ph 2 CO (100) 

9 


15 

Ph,CO (90-95) 

10 

4-Dodecanol 

6 

4-dodecanone (94) 

80 

I l-Dodecen-2-ol 

6 

11 -dodecen- 2 -one (3) 

80 

Cyclopentanol 

9 

cyclopentanone (57) 

73 

Cyclohexanol 

9 

cyclohexanone (72) 

73 

4-/-Butylcyclohexanol 

6 

4-/-butylcyclohexanone ( 86 ) 

80 

Cyclododecanoi 

6 

cyclododecanone (98) 

80 


Table continued 
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TABLE II. Continued 


Alcohol Reagent 


Norbomeol 6 

Borneol/isoborneol 6 

(-)Menthol 6 

Adamantanol 4 



3/?-Cholestanol 6 

5a-Bromo-3/U7/?-diacetoxy- 4 

androstan-6/3-ol 

1.2- Decanediol 6 

1.3- Undecanediol 6 

1 .10-Undecanediol 6 

m-3-(2-Hydroxyethyl)- 6 

cyclopentanol 

4-Hydroxymethylcyciohexanois 6 

4-( 1 -Hydroxyethyl (benzyl alcohol 6 

en^o-2.3-Bis( hydroxymethyl)- 6 

norbornane 


Product (Yield. %) 

Reference 

norcamphor (82) 

80 

camphor (77) 

80 

(-)-menthone (82) 

80 

adamantanolactone (50) 

34 

ketone (90) 

79 

3-cholestanone (97) 

80 

6 -ketosteroid (85) 

74 

1-hydroxy-2-decanone (50) 

80 

l-hydroxy-3-undecanone (88) 

80 

1 l-hydroxy-2-undecanone (86) 

80 

3-(2-hydroxyethyl)- 

80 

cyclopentanone (89) 

4-hydroxymethylcyciohexanone (83) 

80 

4-hydroxymethylacetophenone (59) 

4-( 1 -hydroxyethyl Ibenzaldehvde (19) 

4-acetylbenzaldehyde (13) 

80 

lactone (87) 

80 


TABLE III. Cleavage of Aliphatic/Alicyclic Alcohols with Ce(IV) 


Alcohol 


Reagent 


Product (Yield. %) 


r-CHO r CHO r c 

Cj> (36), Q» (18), Q 

ONO, 

j-cho r CHO jr c 

(43). (J (19), 

ONO., 

j-CHO 

< 55 > 

r-CHO 

Q< (43 » 

r CHo / . 0 \ r CHO 

^ 1461 


Reference 


(20) 23 


(20) 23 


AcO 


AcO 


O 
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TABLE III. Continued 



Table continued 
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TABLE III. Continued 


Alcohol Reagent Product (Yield. %) Reference 


cG, 

9 

OCH(CH 2 ),CHO(105) 

73 


3 

(CH,)<C = 0 (94) 

28 

Ph^^OH 

X)H 

13 

PhCHO (85-90) 

8 

15 

PhCHO (95-100) 

10 

Ph OH 



10 

T 

Ph'XlH 

15 

PhCHO (90-95) 

ph Y° H 

COOH 

13 

PhCHO (100) 

8 

14 

PhCHO (95) 

9 

Me 




Ph—|— OH 

15 

PhCOMe (100) 

10 

COOH 




Ph 

Ph—|-OH 

COOH 

14 

Ph,CO (95) 

9 

15 

Ph,CO(100) 

10 


TABLE IV. 

Ce(IV) Oxidation of Aryl Alkyl Carbinols 


Alcohol 

Reagent 

Product (Yield. %) 

Reference 

MeCHOHPh 

6 

MeCOPh (86) 

65 


4 

MeCOPh (55.2), PhCHO (2.83) 

17 

MeCHOHC„H 4 Me(/>) 

13 

MeCOC 6 H 4 Me (95) 

8 

EtCHOHPh 

12 

EtCOPh (85) 

7 


13 

EtCOPh (90) 

8 


14 

EtCOPh (80) 

9 


4 

EtCOPh (18), PhCHO (60), EtONO,(36) 

17 

PhCHXHOHPh 

12 

PhCH,COPh (85-90) 

7 


13 

PhCHXOPh (95) 

8 


14 

PhCH 2 COPh (80) 

9 

/-PrCHOHPh 

4 

/-PrCOPh (0.51). PhCHO (91.9) 

17 

/-BuCHOHPh 

4 

(-BuCOPh (15), PhCHO (55.6) 

20 

r-BuCHOHPh 

4 

/-BuCOPh (0.49), PhCHO (94.9) 

17 

c-PrCH,CHOHPh 

4 

c-PrCH 2 COPh (3.15), PhCHO (75.5) 

20 

c-BuCHOHPh 

4 

c-BuCOPh (4.79), PhCHO (6.14) 

20 

c-PnCHOHPh 

4 

c-PnCOPh (1.16), PhCHO (74.4) 

20 

c-HxCHOHPh 

4 

c-HxCOPh (0.75), PhCHO (89.6) 

20 

CH 2 = CH(CH 2 ) 4 CHOHPh 

4 

CH 2 = CH(CH 2 ) 4 COPh (13.8), PhCHO (44) 

20 

F(CH 2 ),CHOHPh 

4 

F(CH,) 2 COPh<45), PhCHO(10) 

20 

Cl(CH 2 ) 2 CHOHPh 

4 

Cl(CH 2 ),COPh (46), PhCHO (22) 

20 

Br(CH 2 ) 2 CHOHPh 

4 

Br(CH 2 ) 2 COPh (62), PhCHO (6.4) 

20 

Br(CH 2 ) 4 CHOHPh 

4 

Br(CH 2 ) 4 COPh (44), PhCHO (25) 

20 

MeO(CH 2 ) 2 CHOHPh 

4 

MeO(CH,)XOPh (39.8), PhCHO (19.4) 

20 

MeO(CH 2 ),CHOHPh 

4 

MeO(CH,),COPh(24.7), PhCHO (26.9) 

20 

MeO(CH 2 ) 4 CHOHPh 

4 

MeO(CH,) 4 COPh (21.8), PhCHO (47) 

20 

MeO(CH,),CEt(OH)Ph 

4 

MeO(CH : ),COPh (60.3), EtCOPh (7.8) 

20 
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TABLE V. Oxidative Cyclization of Alcohols 


Substrate 


Product (Yield, %) 


Reference 


Me(CH 2 ).,OH 

Me-Q <20) 


44 

Ph(CH,) 4 OH 

f~\ (24), 

Ph-V 

Ph(CH ; ) 4 ONO, (12) 

45 

Ph(CH,) 5 OH 

r\ (40) 

PhCHp'o^ 


45 

Ph(CH : ) 3 OH 


1171 

45 
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TABLE VI. Oxidation of Benzoins 


Benzoin 

Reagent 

Product (Yield, %) 

Reference 

Benzoin 

6 

PhCOCOPh (66) 

80 


10 

PhCOCOPh (85) 

6 


12 

PhCOCOPh (85-90) 

7 


13 

PhCOCOPh (45) 

8 


14 

PhCOCOPh (90) 

9 


15 

PhCOCOPh (100) 

10 


4 

PhCHO (80). PhCOOH (86) 

31 

p-Toiuoin 

4 

MeC 6 H 4 CHO (87), MeC*H 4 COOH (86) 

31 

p-Anisoin 

4 

MeOC 6 H 4 CHO(87). MeOC 6 H 4 COOH (88) 

31 

4,4'-Diphenylbenzoin 

4 

PhC 6 H 4 CHO (78), PhC 6 H 4 COOH (81) 

31 

a-Naphthoin 

4 

a-C lc H 7 CHO (82), a-C 10 H,COOH (84) 

31 

a-Furoin 

10 

FuCOCOFu (90) 

6 


12 

FuCOCOFu (75-80) 

7 


13 

FuCOCOFu (30) 

8 


14 

FuCOCOFu (95) 

9 


15 

FuCOCOFu (100) 

10 


4 

FuCOOH (83), FuCOCOFu (5) 

31 


TABLE VII. Oxidative Cleavage of Ethers" ' 1 ’ 


Substrate 

Product 

(Yield, %) 

C 6 H„OCH 3 

Cyclohexanone 

(81) 

C 6 H u OC 2 H, 

Cyclohexanone 

(92) 

CftH|] OSiJCH])} 

Cyclohexanone 

(75) 

C(,H | j OSHCHj^C^s' 

Cyclohexanone 

(65 y 

n-C 3 H 7 CH(n-C 4 H 9 ) OCH 3 

n-C 3 H 7 COC 4 H 9 " 

(88) 

n-C 3 H 7 CH(n-C 4 H») OC 2 H 5 

n-C 3 H 7 COC 4 H," 

(95) 

n-C g H n CHOCHj 

n-C,H, 7 CHO 

(60) 

n-C 7 H„CH(CH,)OSi(CH 3 ) 3 

n-C 7 H„COCH, 

(77) 

C 6 H 5 CHOCH 2 C 6 H 5 

CjHjCHO 

(95) 

C 6 H 5 CH(i-C,H 7 ) OSi(CH 3 ) 3 

C 6 H 5 COC,H 7 ' 

(84) 

° Reference 81. 

*CAN/NaBrO,. aq. CH.CN, 80"C, 

' 2,4-DNP. 

12 h. 


TABLE VIII 

Ce(IV) Oxidation of Carbonyl Compounds 


Substrate 

Product (Yield, %) 

Reference 

PhiCCHO 

PhjCOH (75) 

35 

Cyclopentanone 

0 2 N0(CH 2 ) 4 C00H (6.96) 
CH,CH(ONO,)(CH 2 ) 2 COOH (4.64) 
0 2 N0(CH 2 ),C00H (9.86) 
CH 3 CH(ONO : )CH 2 COOH (7.54) 

34 

Cyclohexanone 

0 2 N0(CH 2 ) s C00H 

(33 combined) 

CH 3 CH(ONO,)(CH,) 3 COOH 

34 

Norcamphor 

O.NO-C'V, (18.4), O.NO'-'C'Vl 

' — ' COOH 7 COOH 

(27.6) 34 
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Substrate 


Product (Yield. %) 


Reference 


Adamantanone 




o^"o 


"A 

Ph'Yx) 

Ph 


4-MeC»H 4 - 


4-MeC„H 4 


4-MeC.H 4v J^ 0 

4-MeC.H 4 'V^O 

Ph 


p-PhC„H 4 




p-PhC t H 4 ^k 

L ? (61) 

p-PhC.H/V^O 

Ph 


O 

EXXE 


Pli N~Ph 


(E = COOEt) E E R = H (35) 

J|T R = Me (81) 

Ph N Ph R = CH;Ph (7 5) 

R = CH : CH=CH : (60) 


(21) 36 
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TABLE IX. Oxidative Hydrolysis of Oximes and Semicarbazones with Ce(IV) Reagents 


Substrate 

Reagent 

Product (Yield, %) 

Reference 

n-Heptaldoxime 

2 

n-Heptanai (72) 

92 

Piperonaldoxime 

12 

Piperonal (30) 

7 

Salicylaldoxime 

12 

Salicylaldehyde (25) 

7 

Cinnamaldoxime 

— 

(PhCH = CHCH = N — )■> 

1 

95 

Cyclopentanone oxime 

2 

O 

Cyclopentanone (83) 

92 

Cyclohexanone oxime 

2 

Cyclohexanone (88) 

92 

Cycloheptanone oxime 

2 

Cycloheptanone (82 ) 

92 

Camphor oxime 

2 

Camphor (27) 

92 

Carvoxime 

2 

Carvone (71) 

92 

Acetophenone oxime 

-» 

Acetophenone (90) 

92 

Benzophenone oxime 

2 

Benzophenone(79) 

92 

11 -Oximino-9/i-estrone methyl ether 

2 

11-Ketone (37) 

93 

2-Methyl-2-(2-oximinohept-6-enyl)- 


Diketone (45) 

94 

cyclopentanone 

Cyclohexanone semicarbazone 

2 

Cyclohexanone (78) 

92 

Cycloheptanone semicarbazone 

2 

Cycloheptanone (81) 

92 


TABLE X. CAN Oxidation of Nitroaikanes in the Presence of Triethylamine 


Substrate 

Product (Yield, %) 

Reference 

nitrocyclohexane 

cyclohexanone (80) 

96 

e-C<,H n CH,NO, 

c-C 6 H h CHO (75) 

96 

*-C 6 H, 3 CH,NO, 

n-C 6 H 13 CHO (67) 

96 

2-fluoromtrocyclohexane 

2-fluorocyclohexanone (80) 

96 

4-MeC„H 4 CH,NO, 

4-MeC 6 H 4 CHO (85) 

96 

PhCH = CHCH, NO, 

PhCH = CHCHO (78) 

96 

(CH 2 )<C = N(0)0Si(CH 3 ) 3 

cyclohexanone (92) 

96 

cx F 

^•^NIOlOSilCH,), 

2-fluorocyclohexanone (90) 

96 

NO, 

O 


(7ch,k 

o\ 

f -- (n = 4, 78; n = 5, 76; 

k n = 6, 81: n = 10, 75) 

° O 

97 
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TABLE XI. CAN Degradation of a-Hydroxymalonic Acids 0 




Yield 

Substrate 

Product 

(%) 

PhCH = CHCH, C(OH )(COOH ) 2 

PhCH = CHCH 2 COOH 

(83) 

PhC( = CH,)CH,C(OH)(COOH) 2 

PhC( =CH 2 )CH 2 COOH 

(64) 

CH 2 = CH(CH 2 ) 3 CH = CHCH,C(OH)(COOH) 2 

CH, = CH(CH 2 ) 3 CH=CHCH 2 COOH 

(87) 

HOOC! CH, ) 7 CH = CH -CH 2 C(OH )(COOH ) 2 

HOOCfCH 2 ), CH = CHCH 2 COOH 

(82) 

HO(CH 2 ) 8 CH = CHCH 2 C(OH)(COOH) 2 

HO(CH.) 8 CH = CHCH 2 COOH 

(60) 

CH.CIOH KCOOH), 

CH.COOH 

(98) 

□r ■ 

□f 

Ph -Q-QOH KCOOH I. 

ph-0“ c °° H 

(81) 

Me,Si-^)-C(OH)(COOH), 

Me j Si COOH 

(84) 

^y CH ;CH =CHCH ,C(OH KCOOH), 

^-CH.CH =CHCHC,COOH 

(68) 

op 

Op 

COOH 

(33) 

HOC(COOH); 


CH,C(OH KCOOH). 

_.CHjCOOH 


0 ' 

0 

(45) 

•* Reference 103. 


TABLE XII. 

CAN Oxidation of Carboxylic Acid Hydrazides"’ 6 


Substrate 

Product 

(Yield, %) 

PhCONHNH, 

PhCOOH 

(83) 

p-CHjQHgCONHNH, 

/>-CH 3 C 6 H 4 COOH 

(65) 

/>-CH 3 OC 6 H 4 CONHNH 2 

/t-CH 3 OC 6 H 4 COOH 

(76) 

/>-ClC 6 H 4 CONHNH 2 

/>-CIC 6 H 4 COOH 

(80) 

m-ClC(,H 4 CONHNH 2 

m-ClC 6 H 4 COOH 

(78) 

/?-C 10 H 7 CONHNH 2 

/?-C,„H 7 COOH 

(85) 

n-C 6 H 13 CONHNH. 

n-C 6 H, 3 COOH 

(90) 

PhCH = CHCONHNH 2 

PhCH = CHCOOH 

(70) 

Ph,C(OH )CONHNH 2 

Ph 2 CO 

(67) 


” Reference 104. 

*3 equiv. CAN. 75% aq. CH,CN. r.t. 
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TABLE XIII. Oxidative Hydrolysis of 
2,6-Di-/-butyl-4-methoxyphenyl Esters" 


Ester 

Acid (Yield, %) 

AcO O ’v£V° Me 

AcO 

AW - 

— r ^y cooh 


R = Et(46) 


R = /-Pr (81) 


R = /-Bu (79) 


"Reference 108. 


TABLE XIV. CAN Reaction with Dialkylaminoarenes" 


Substrate 

Medium 

Product (Yield, %) 

Me,NPh 

CH,CN 

CHjCOOH 

CHjOH 

2.4- (0 2 N) 2 C 6 H,NHMe(ll) 

2.4- (0 2 N) 2 C 6 H,NHMe (47) 
Me 2 NC 6 H 4 C < ,H 4 NMe 2 (40) 

4-Me 2 NC 6 H 4 OMe 

CH,CN 

CHjCOOH 

p-methoxy-A, 2 , 6 -trinitro-A-methylaniline (52) 
/>-methoxy-A , ,2.6-trinitro-A-methyianiiine (77) 

4-Me 2 NC 6 H„CI 

CHjCN 

CH 3 COOH 

4-chlorpA',2.6-trinitro-A-methylaniline (22) 
4-chloro-2,6-dinitro-/V-methyl-anilme ( 6 ) 
4-chloro-A,2,6-trinitro-A-methylaniline (25) 
4-chloro-2.6-dinitro-A-methylaniline (17) 

4-Me 2 NC 6 H„N0 2 

CH,OH 

CHjCN 

CH,COOH 

4-MeNHC 6 H 4 N0 2 (89) 
4-MeNHQH 4 NO 2 (60) 

4-MeNHC 6 H 4 N0 2 (23) 


"Reference 113. 


TABLE XV. Oxidative Hydrolysis and Transamidation of 
A-Acyl-5,6-Dihydrophenanthridines 


Amide 

Nucleophile 

Product (%) 

Reference 

11-Bromoundecanoyl 

H,0 

RCOOH (95) 

106 


Ph(CH ; ) 2 NH. 

RCONH(CH 2 ) 2 Ph (85) 

107 

Phenylacetyl 

H,0 

RCOOH (96) 

106 

2-Phenylbutyryl 

h 2 o 

RCOOH (94) 

106 


Ph(CH 2 ) 2 NH 2 

RCONH(CH 2 ) 2 Ph (79) 

107 


PhCH(Me)NH ; 

RCONHCH(Me)Ph (70) 

107 

4-Phenylbutyryl 

h 2 o 

RCOOH (97) 

106 


Ph(CH : ),NH : 

RCONH(CH 2 ) 2 Ph (82) 

107 


PhCH(Me)NH : 

RCONHCH(Me)Ph (85) 

107 

5-Benzoylvaleryl 

H,0 

RCOOH (79) 

106 

Benzoyl 

L-Leu-OEt 

RCO-Leu-OEt (94) 

107 

Terephthalaldehydyl 

Ph(CH 2 ) 2 NH ; 

RCONH(CH 2 ) 2 Ph (76) 

107 

3-Oxo-5/S-cholan-24-oyl 

H,0 

RCOOH (98) 

106 


Ph(CH 2 ) 2 NH : 

RCONH(CH 2 ) 2 Ph (84) 

107 
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TABLE XVI. Selective Deblocking of .V-Aryl-/Mactams 
R R’ 



R 

R' 

R" 

Dearyl 
product (%) 

Reference 

NHCOO/Bu 

CH = CHPh 

Me 

(48) 

125 

NHCOO-z-Bu 

COOMe 

Me 

(55) 

125 

NHCOO-CH : Ph 

COOMe 

Me 

(83) 

125 

NHCOO-CH.Ph 

CH,N, 

Me 

(67) 

125 

N, 

CH=CHCH,CH(OMe), 

CH,OMe 

0 74) 

124 


TABLE XVII. Decomposition of Aryldiazomethanes with CAN° 


Substrate 

Product (Yield. %) 

PhCHN, 

Z-PhCH = CHPh (84.5), 

£-PhCH =CHPh (15.4) 

4-CH,C 6 H 4 CHN ; 

Z-(4-CH,C„H 4 CH = CHC 6 H 4 CH3)(76), 

£-(4-CH ,C 6 H 4 CH = CHC 6 H 4 -4-CH,) (23.5) 

4-ClC«H 4 CHN : 

Z-(4-ClC*H 4 CH=CHC 6 H 4 -4-Cl) (70), 

£-(4-ClC 6 H 4 CH = CHC 6 H 4 -4-C1) (30) 

“ Reference 128. 


TABLE XVIII. Quantitative Decomposition of 
Pyrazolinediesters by Catalytic CeflV)" 


R COOMe 

V-1-COOMe 
( , N 

N 

R v COOMe 

COOMe 

R ^^COOMe 

COOMe 

R= COOMe 

100 

0 

R =COMe 

100 

0 

R = Et 

100 

0 

R = MeCHBr 

100 

0 

R=4-MeOC 6 H 4 CH, 

100 

0 

R = 4-O.NC 6 H 4 

100 

0 

R = Ph 

56 

44 

R =4-MeOC(,H 4 

10 

90 

R = Ch =CHPh 

50 

50 


Reference 129. 
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TABLE XIX. Oxidation of Sulfides to Sulfoxides 


Sulfide 

Reagent 

Product (Yield. %) 

Reference 

n-BuiS 

6 

/t-BuiSO (83) 

133 

PhSMe 

4 

PhSfOlMe (78) 

131 


6 

PhSlOlMe (83) 

133 

Ph,S 

4 

Ph 2 SO (82) 

131 


6 

Ph 2 SO (92) 

133 

(4-ClC 6 H„) 2 S 

4 

(4-ClC 6 H 4 ) 2 SO (92) 

131 

(4-BrC 6 H 4 ) 2 S 

4 

(4-BrC 6 H 4 ) 2 SO (94) 

131 

(2-0 2 NC 6 H 4 ),S 

4 

(2-0 2 NC 6 H 4 ),S0(95) 

131 

Dibenzothiophene 

4 

Dibenzothiophene oxide (100) 

131 


6 

Dibenzothiophene oxide (95) 

133 

Thiaxanthone 

4 

Thiaxanthone oxide (97) 

131 





rX 4 NO,- 

R'^PPh, 

4 

0-' R S .X? NO,- 
R'^PPh, 

137 



R = Me. R’ = H (75) 

R = R' = H (63) 

R.R' = (CH,),(68) 



TABLE XX. Regeneration of Carbonyl Compounds from Thioacetals 


Thioacetal 

Product (Yield, %) 

Reference 

PhCHS(CH 2 ) 2 S 

PhCHO (73.4) 

134 

PhC(Me)(CH 2 ),S 

PhCOMe (80) 

134 

Ph 2 CS(CH 2 ) 2 S 

Ph 2 CO (85.7) 

134 

(CH 2 ) 5 CS(CH 2 ) 2 S 

Cyclohexanone (87) 

134 

(CH 2 ) 6 CS(CH,) 3 S 

Cycloheptanone (70) 

134 

PhCH 2 (!:(Me)S(CH 2 ) 3 S 

PhCH 2 COMe (85) 

134 

O 


MeCO(CH 2 ),COC«H 13 (80) 

134 

V-J 

o 

Me a. A. . 

s s 

MeCO(CH 2 ) 2 COCH 2 CH 2 CH = CHEt (77.8) 

134 

>_ l 

Ph 2 P(0)CH,CH 2 C(Me)S(CH 2 ),S 

Ph 2 P(0)CH 2 CH 2 C0Me (79) 

137 

Ph, P(CH 2 ),C(Me)S(CH 2 )jS NO, - 

Ph 3 P(CH 2 ),COMe NO,' (85) 

137 
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TABLE XX. Continued 


Thioacetai 


Product (Yield, %) 


Phj PCHR'CH 2 C(R)S(CH,) 3 S X - 



Phj PCHR'CHjCOR X “ 

R = Me, R' = H. X = BF 4 (83) 
R = Me, R' = H. X = C10 4 (80) 
R = R' = Me, X = BF 4 (87) 

R = R' = Me, X = CI0 4 (75) 

R = H, R' = Me, X = BF 4 (68) 
R = H, R' = Me, X =CI0 4 (74) 
R = H, R' = Ph, X = BF 4 (75) 

R = H. R' = Ph, X = C10 4 (82) 
R,R' = (CH 2 )j, X = BF 4 (58) 
R,R' = (CH 2 ) 3 ,X = C10 4 (67) 


OCH 



V 


(78) 



Reference 


137 


136 


139 


TABLE XXI. Conversion of Thiols to Disulfides 


Thiol 

Reagent 

Disulfide (Yield. %) 

Reference 

n-BuSH 

12 

(n-BuS), (80-85) 

7 

j-BuSH 

12 

(s-BuS) ; (80) 

7 

/-BuSH 

12 

(i-BuS) 2 (65-70) 

7 

t-BuSH 

12 

(t-BuS), (75-80) 

7 

c-C 6 H,,SH 

12 

(c-C 6 H,,S) 2 (75-80) 

7 


15 

(c-C 6 H„S) 2 (lOOconv.) 

10 

PhCH,SH 

12 

(PhCH,S) 2 (70-80) 

7 


13 

(PhCH 2 S) 2 (85-90) 

8 


15 

(PhCH,S), (90-100) 

10 

PhSH 

12 

(PhS), (80-90) 

7 


14 

(PhS) 2 (97) 

9 


15 

(PhS) 2 (90-100) 

10 

3-MeC 6 H 4 SH 

12 

(3-MeC 6 H 4 S) 2 (55-60) 

7 


13 

(3-MeC„H 4 S), (75-80) 

8 


14 

(3-MeC 6 H 4 S} 2 (90) 

9 


15 

(3-MeC 6 H 4 S) 2 (90-100) 

10 

2-Mercaptobenzothiazol 

12 

Disulfide (80-90) 

7 


13 

Disulfide (75) 

8 


14 

Disulfide (95) 

9 


15 

Disulfide (90-100) 

10 
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TABLE XXII. Ce(IV) Oxidation of Quinols and Derivatives 


Substrate 

Reagent 

Quinone (Yield, % ) 

Reference 

Catechol 

12, 14 

o-Benzoquinone (100 conv.) 

7.9 

Hydroquinone 

4 

Benzoqutnone (83.3) 

140 


6 

Benzoquinone (96) 

133 


12 

Benzoqutnone (90) 

7 


13, 14 

Benzoquinone (100) 

8,9 

2-Fluorohydroquinone 

4 

Fluorobenzoquinone (78) 

14! 

/-Butylhydroquinone 

4 

f-Butylbenzoquinone (98) 

140 

2,5-Di-/-Butylhydroquinone 

4 

2,5-Di-/-butyibenzoquinone (98) 

140 

2,3,5,6-Tetrabromohvdroquinone 

6 

2.3,5,6-Tetrabromobenzoqutnone (92) 

133 

4-/-Butvlcatechol 

4 

4-/-Butyl-o-benzoquinone (86.2) 

140 

1.4-Naphthalenedioi 

4 

1,4-Naphthoquinone (89.7) 

140 


6 

1.4-Naphthoquinone (90) 

133 

Quinizarin 

4 

1,4,9,10-Anthradiquinone (90) 

140 

2-/-Butyl-4-methoxyphenol 

S 

2-t-Butylbenzoqumone (75) 

142 

3-/-Butyl-4-methoxyphenol 

8 

2-/-Butylbenzoquinone (75) 

142 

3-t-Butyl-4-dimethylaminophenoi 

8 

2-/-Butylbenzoquinone (75) 

146 

OH OCH, 


(7 O 



8 

< 75 > 

143 

CH,0 OH 


o o 


;©±t 

HO^-^ COOMe 

4 

<«> 

COOMe 

145 

1,4-Dimethoxybenzene 

4 

p -Benzoqutnone (57) 

148 

2.5-Dimethyl-1,4-dimethoxybenzene 

4 

2,4-Dimethylbenzoquinone (95) 

148 

2.5-Dimethyl-4-methylbenzyl 

4 

2-Hydroxymethyl-5-methyl- 

148 

alcohol 


benzoquinone (73) 


2.5-Dimethoxy-4-(2-nitropropenyl)- 

4 

2-Methyi-5-(2-nitropropenyl)- 

148 

toluene 


benzoquinone (65) 


2,5-Dimethoxy-4-( 2-acetamtno- 

4 

2-Methyi-5-(2-acetamino- 

148 

propyl (toluene 


propyl Ibenzoqutnone (64) 


2.5-Dimethoxy-4-( 2-f A-t-butoxv- 

4 

2-Methvl-5-(2-( A-t-butoxy- 

148 

carbonvlamino (propyl (toluene 


carbonylamtno (propyl) 
benzoquinone (61) 


2,4,5-T rimethoxy-1 -(2-benzamtno- 

4 

2-Methoxy-5-(2-benzamino- 

148 

propyl (benzene 


propyl (benzoquinone (35) 


3.5-Di-/-butyl-1,2-dimethoxybenzene 

4 

3,5-Di-/-butyl-o-benzoquinone (3), 
2-/-butyl-6-methoxybenzoquinone (26) 

148 

1.2-Dimethoxy-3.5-di-i-butylbenzene 

4 

3,5-Di-(-butyl-o-benzoquinone (3.8), 
2-/-Butyl-6-methoxybenzoquinone (33) 

148 

1,4-Dimethoxvbenzene 

8 

2,2'-Di(benzoquinone) (20) 

147 

2,5-Dimethoxy toluene 

8 

2,2'-Di(5,5'-dimethvl )benzoquinone (65) 

147 

2.5-Dimethoxy-p-xylene 

8 

2.2'-Di(3,6.3 ,6 -tetramethyl)- 

147 



benzoquinone (20) 



5 

2.5-Dimethylbenzoquinone (99) 

150 

2,5-Dimethoxy-m-xvlene 

5 

2,6-Dimethylbenzoquinone (63) 

150 
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TABLE XXII. Continued 

Substrate Reagent Quinone (Yield. %) Reference 


2.6- Diisopropyl-1,4-dimethoxy- 
benzene 

2.3.5.6- Tetramethyl-1,4-dimethoxy- 
benzene 

2,3,4,5-Tetramethoxy-6-aIlyl- 

toluene 


2,3,4,5-Tetramethoxy-6-geranyl- 

toluene 


1.4- Dimethoxy-2,5-(3-hydroxy- 
but-l-ynyl (benzene 

1.4- Dimethoxy-2.3,5-trimethyI- 

(3S-3,4-dihydroxy-3-methylbutyl) 
benzene 


2,6-Diisopropylbenzoquinone (92) 

Duroquinone (96) 

2-Allyl-3-methyl-5,6-dimethoxy- 
benzoquinone (70) 
2-Allyl-3-methyI-5,6-dimethoxy- 
benzoquinone (89) 
2-Geranyl-3-methyl-5,6-dimethoxy- 
benzoquinone (85) 
2-Geranyi-3-methyI-5,6-dimethoxy- 
benzoquinone (87) 

2,5-Di( 3-hydroxy but-1 -ynyl )- 
benzoquinone (40) 

tSAL (64), 


V.OH (20) 


MeO 

drn 

^ Bph 


o <^° 
u 04- 


O (97) 


YY BPh 
O 'O' 


j20 


CAN/CHjCN; fOjTY 

NH, HO^fVNH, 

HOO 


COOMe 
Vnh COOMe 

yl'' COOMe 
MeO 

1.4- Dimethoxynaphthalene 

1.4- Dimethoxy-2-methylnaphthalene 

1.4- Dimethoxy-2-allyl-3-methyl- 
naphthalene 

1.4- Dimethoxy-2-prenyl-3-methyl- 
naphthalene 

1.4- Dimethoxy-2-geranyi-3-methyl- 
naphthalene 

/—\ 

OMeOMe o O 


COOMe 
Vnh cooMe 


MeO OMeOMe 


OL <«> 

N^COOMe 


1,4-Naphthoquinone (94) 
2-Methyl-l,4-naphthoquinone (99) 
2-Ally 1-3-methyl-1,4- 
naphthoquinone (94) 

2- Prenyl-3-methyl-1,4- 
naphthoquinone (84) 
2-Geranyl-3-methyl-1,4- 
naphthaquinone (58) 


O OMe cJ o 


W. 

MeO O OMc 


150 

150 

150 

151 

150 

151 
149 

154 


153 

155 

156 

147 

150 

150 

150 

150 

152 
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TABLE XXIII. Enediones from Furans via CAN Oxidation" 



R R R 

IZ) (£) 


R = Ph. R' = H(Z, 77) 

R = Ph, R' = COOEt(Z, 70) 
R = Ph, R' = COPh(Z, 70) 

R = Me, R' = H (£, 18) 

R = R' = H (£, 48) 



R Ph R Ph 


R = H, X = CH (70) 

R = Ph, X = CH (90) 

R = OMe, X = CH (70) 
R = H. X = CCHO (50) 
R = H. X = N (57) 

R = Ph, X = N (85) 


“ Reference 160. 


TABLE XXIV. Ce(IV) Oxidation of Arenes to Quinones 


Arene 

Reagent 

Quinone (Yield, %) 

Reference 

Naphthalene 

1/THF 

1,4-naphthoquinone (NQ, 20) 

161 


8 

1,4-naphthoquinone (90-95) 

162 


16 

1,4-naphthoquinone (81) 

65a 

1 -Bromonaphthalene 

8 

NQ (18), 2-Br-NQ (10), 5-Br-NQ (15), 
4-Br-l,2-NQ (30) 

162 

1 -Phenylnaphthalene 

8 

2-Ph-NQ (24), 5-Ph-NQ (28) 

163 

2-Methylnaphthalene 

16 

2-Me-NQ (60), 6-Me-NQ (20) 

65a 

2-Methoxvmethylnaphthalene 

16 

2-MeOCH : -NQ (26.5). 

6-MeOCH 2 -NQ (28.5) 

65a 

2-Acetoxymethylnaphthalene 

16 

2-AcOCHj-NQ (28), 

6-AcOCH,-NQ (31) 

65a 

2-Chloromethylnaphthalene 

16 

2-ClCHj-NQ (27.5), 

6-ClCH,-NQ (47) 

65a 

2-/-butylnaphthalene 

8 

2-t-Bu-NQ (26). 6-t-Bu-NQ (45) 

162 

2-Phenylethynylnaphthalene 


2-PhC = C-NQ (87) 

149 

1,5-Dibromonaphthalene 

8 

2,5-Br r NQ(66) 

163 

2.3-Dimethyinaphthalene 

16 

2.3-Me 2 -NQ (55), 6,7-Me 2 -NQ (25) 

65a 

2,6-Dimethylnaphthalene 

16 

2,6-Me 2 -NQ (78) 

65a 

2.7-Dimethylnaphthalene 

16 

2,7-Me,-NQ (89) 

65a 

1,2.4-T rimethoxynaphthalene 

16 

2-MeO-NQ (27.5) 

65a 
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TABLE XXIV. Continued 


Arene 


Reagent Quinone (Yield. %) Reference 


Anthracene l^THF 

16 

Phenanthrene 16 

1/THF 

8 



Anthraqumone (61) 

Anthraquinone (52) 

Anthraquinone (80) 

9,10-PQ (58) 

9,10-PQ (27.4), 1.4-PQ (11.5) 
9,10-PQ (60), 1,4-PQ (15) 

o 

161 

65a 

167 

65a 

161 

162 

0-0 

(73) 

162 

0=0° 

(21) 

165 

O=0r NO ’ 

(6.7) 


- _ NO, 

0=0™ 

(1.8) 


0^0 

(66) 

167 

O&0 

(54) 

167 


TABLE XXV. CAN Oxidation of Alkylarenes 


Substrate 

Product (Yield, %) 

Reference 

PhMe 

PhCHO (92) 

170 


PhCHO (36) 

171 

l,2-Me,C 6 H 4 

2-MeC 6 H 4 CHO (100) 

170 

l,3-Me,C 6 H 4 

3-MeC(,H 4 CHO (100) 

170 

l,4-Me,C„H 4 

4-MeC 6 H 4 CHO (100) 

170 


4-MeC 6 H 4 CHO (73) 

171 

1.3,5-Me,C 6 H 3 

3,5-Me,C 6 H 3 CHO (100) 

170 

2-MeC 6 H 4 CI 

2-ClC 6 H 4 CHO (74) 

170 

3-MeC 6 H 4 Cl 

3-ClC 6 H 4 CHO (60) 

170 

4-MeC 6 H 4 Cl 

4-ClC 6 H 4 CHO (54) 
4-ClC,iH 4 CH,OH(19) 
4-CIQILCH;,OAc (8) 

171 

4-MeC 6 H 4 Br 

4-BrC 6 H 4 CHO (51) 

171 

2-MeC 6 H 4 NO, 

2-0 2 NC 6 H 4 CH0 (43) 

170 

3-MeC 6 H 4 NO, 

3-0 2 NC 6 H 4 CH0 (50) 

170 

4-MeC 6 H 4 NO, 

4-0,NC 6 H 4 CH0(47) 

170 


Table continued 





620 


Tse-Lok Ho 


TABLE XXV. Continued 


Substrate 

Product (Yield. %) 

Reference 

2-MeC„H 4 NHAc 

2-AcNHC 6 H 4 CHO (93) 

170 

4-MeC 6 H 4 NHAc 

4-AcNHC 6 H 4 CHO (94) 

170 

2-MeC„H 4 OMe 

2-MeOC 6 H 4 CHO (63) 

170 

4-MeC 6 H„OMe 

4-MeOC 6 H 4 CHO (100) 

170 

3-MeC 6 H 4 OSO ; Ph 

3-PhS0 3 C 6 H 4 CH0 (100) 

170 

4-PhSO,C 6 H 4 Me 

4-PhS0 3 C 6 H 4 CH0 (100) 

170 

PhEt 

PhCOMe (77) 

170 

Ph,CH 2 

Ph,CO (76) 

170 

Indane 

1-Indanone (78) 

170 

Tetralin 

a-Tetralone (76) 

170 

i n-r OAc 

CHO 

i 



jyCI < 68 > 

175 


MeO^ 1 



X 

co: 



OAc 


E~Jpc Hj 


X 

co: 



(25-65) 


OAc 




E^N^CO (57) 
H 2 


176 


179 


E = COOEt 

Xanthene 

Xanthone (87) 

170 

Thiaxanthene 

Thiaxanthone (75) 

170 

O OMe 

1] I 

O OMe o 

U 1 Jj 



OTjon (54) 

180 





TABLE XXVI. CAN Cleavage of Arylcyclopropanes" and Bibenzyis* 


Substrate 

Medium 

Product (Yield, %) 

Phenyicyclopropane 

CH,CN 

CH,COOH 

phenylpropane-l,3-diol dinitrate (44) 
phenylpropane-l,3-diol dinitrate (61), 

1 -nitrato-3-acetoxyphenylpropane (15) 

1,2-Diphenylcyciopropane 

CH,CN 

CHjCOOH 

1.3- diphenylpropane-l,3-diol dinitrate (80) 

1.3- diphenyipropane-l,3-diol dinitrate (53) 

Bibenzyl 

CHjCN 

C*H,CHO (62), C 6 H 5 CH,0N0 2 (40), 
C 6 H 5 CH,OH (4) 

4,4'-Dimethoxybibenzyl 

CHjCN 

4-CH,OC 6 H 4 CHO (117), 

4-CHjOC 6 H 4 CH,OH (24) 

4.4-Dimethylbibenzyl 

CHjCN 

4-CH 3 C 6 H 4 CHO(100), 

4-CH 3 C 6 H 4 CH 2 OH (23), 
4-CH,C 6 H„CH 2 0N0 2 (12) 


"Reference 185. 
* Reference 186. 
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TABLE XXVII. Ligand Dissociation of Organometailics with Ce(IV) 


Substrate Product (Yield. %) Reference 


S-Fe(CO), 

[□! 

188. 196, 242. 
243, 244 

j3-Fe(CO), 

LAI 

191 

JjJ-FelCOt, 

[A i 

245 

Ph Ph 

Ph Ph 


jZ^Fe(CO), 


246 

CO 

E 


g.Fe-i| (E = COOMe) 

nX 

246 

CO 

"e 


CO E 

e'K 

erf] 

246 

CO E 


<°] 

xr°=- 

Fe(CO), 

f^C 

> (75), Ley <20) 192 

Vi 


o 


Fe(CO), 


(OC),Fe -^TT(CH,l n 


Fe(CO), 



(CH.I, 


FcICOI, 

/-V 

O O 



[Cn] 

CtC (cH ’>" 



o. o 


197 

199 

198 

203 

195 


Fe(CO), 
(OC).Fe - 


i' 

<OC),Fe' 


l x- 


FelCOI, 


200 



R 


R = COOEt (90), 
R = CHO (50) 


209 


Table continued 
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Substrate 


TABLE XXVII. Continued 


Product (Yield, %) 


Reference 


Fc(CO), 
I CHD 


| CHD 
Fe(CO), 




Fe(CO), 


-K^FelCO), 

tx 

(80) 

00 

o j00 

(80) 

Fe(CO), 




m 

(80) 

/ o—^ 

Fe(COh 

^ T I 

°“X) 



Fe(CO), 



OMe 

Fe(CO), 


Fe(CO), 


CHR 


NC-\—f-CN 
NC CN 


R R = CN (53) 

tOr s [fV ^ =cH 2 N °2 i 45 ) 

X r R = CH 2 COOBu' (50) 



PhH, O-FeCp 
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TABLE XXVII. Continued 


Substrate 


Product (Yield, % 


Reference 


O 




© 


R 


O 


COOMe 


oa 

R 


OAc 


Cr(CO), 



Cr(CO), 

CH, = C = CHCOOEt 

i 

MnL(CO), 

n-BuCH =C = CHCOOMe 

I 

MnL(CO) 2 


PhCD 2 CH 2 CH, Ph 

CH 3 = C = CHCOOEt (81) 

n-BuCH = C = CHCOOMe (95) 


214 


251 


212 


212 

224 


224 


<^>=C = CHCOOMe 

MnL(CO), 

C = CHCOOMe (72) 

224 

/~A=C = CHCHO 

MnL(COl; 

Q^C = CHCHO (71) 

224 

CN 

NC4-^V.Fe(CO);Cp 

NC- K^ OMe 

CN 

CN 

NC^XlMe (88) 

CN 

222 

\ H 

»^r D 

D Fe(CO),Cp 

hU° < 38 > 

D COOMe 

221 

o 

W Fe(CO)jCp 

/ \ R = Et (85) 

'—'COOR R =/-Pr (60) 

R = (-Bu (5) 

219 

<^^Fe(CO);Cp 

( V-COOR R = V ,e < 64 ) 

W R = Et (48) 

219 

Ph(CHj),Fe(CO),Cp 

Ph(CH 2 ) 2 COOEt (70) 

219 

4-FC 6 H 4 CH,Fe(CO) 2 Cp 

4-FC 6 H„CH 2 COOMe (100) 

220 

4-FC 6 H 4 CH 2 CH 2 Fe(CO) 2 Cp 

4-FC 6 H 4 CH 2 CH 2 COOMe (100) 

220 

4-FC 6 H 4 CH 2 W(CO),Cp 

4-FC s H 4 CH 2 COOMe (100) 

220 

Table continued 
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Substrate 

Product (Yield, %) 

Reference 

4-FC„H 4 CH,Mo(CO),Cp 

4-FC 6 H 4 CHXOOMe (100) 

220 

^2^CH,Mo(CO),Cp 

/N-CH.COOMt 

COJ (ioo) 

220 

N 

N 


PhCOFe(CO),Cp 

PhCOOMe (100) 

220 

4-FC 6 H 4 CH,COCo(CO) 5 PPh, 

4-FC 6 H 4 CH : COOMe (100) 

220 


f OCh Co-j-Co(CO), 
Co 

(CO), 


™-CyS^y>0 

(OC),Co-Co(COl, 
MeO PPh, 

d-fp 

Ph,P OMe 


(j'Fe(CO), 

-Fe(CO), 


O R = Me (88) 
X™ R = Ph (79) 


Phc=c-(^>^o 

MeO 

<^Hp> (90) 

OMe 


O^CrfCO), 


TABLE XXVIII. Lactones 216 and Lactams 217 from Acyliron Complexes 


IX (l6, • ,42> 


o 

O^FelCO), 


O 

C,H„ X>'(CO), 


fe(CO), 


XX 

(16). 

Oo 

(38) 

rc 

(64) 

C,H„ 



(68) 

CjH|, 


df 

(51). 


. 1 (29) 

O^o 
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TABLE XXVIII. Continued 


Cf^WCOl, 

Ofl <75) 

&\%o 

Fe(CO), 

000) 

OP- 

ca 0 -°cP - 

Op"™' 

q4° <52, 

<OaP 

Fe(CO), 

CQ^ i>43 > 

(OC),Fe^,0 

<0° 

O 

^J' 0 1861 

c«H l7 


°^o 1 

lOChFe-p^OO 

0 2gcts '-°Oao 

C.H„ 


(OC>,Fe-p^00 

Tcto 

^ N ^Ph 

,p _.Ph |,j| 

VpFe(CO), 

'^" N ^Ph 

p h <*>• n p h ‘- 

(OChFe-^ 0 

C,H tr OKo n 

Ph 

C ' H 'A~1 (64, 

0 ^-N^Ph ' ’ 

/V^Fe(CO), 

^Ph 

Ob t75 » 

cQ Jk 

(OC),Fe 'q 

Ol <88) 
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TABLE XXIX. Demetallation/Oxidation of Naphthol Complexes" 


HO Cr(CO) 



R OMe 


9 


•> 



R = H (961 
R = OMe (70) 


R =OMe (72) 



OHCr(CO), 

MeO OMe 


MeO 




HO Cr(CO), 
' ' nPr 



OMe 


O 

MeO O 
O 




R = Pr(74) 

R = (CH,),COO'Bu(66) 

R = (CH,) 3 CONH-'Bu (70) 


(55) 


(76) 



TABLE XXX. Oxidation of Phenols and Dienes with Ce0 2 -H 2 0 2 a 


Substrate Product (Yield, %) 


p-Cresol 

2.4- XylenoI 
Mesitol 

4-Methyl-2,6-di-/-butyl-phenoI 
2,6-Dihydroxy-3,4-dimethylbenzamide 
1-Naphthol 

1.5- Naphthalenediol 
Ergosteryl acetate 

Lumisteryl acetate 


4-H ydroperoxy-4-methylcyclohexa- 

2,5-dienone (77) 

4-Hydroperoxy-2.4-dimethylcyclohexa- 

2.5- dienone (46) 

4-Hydroperoxy-2,4,6-trimethylcyclohexa- 

2.5- dienone (70) 

4- Hydroperoxy-4-methyl-2,6-di-/-butyl- 
cyclohexa-2,5-dlenone (70) 

2-Hydroxy-4,5-dimethyl-3,6-dioxocyclohexa- 
1,4-dienecarboxamide (80) 

2,3-Epoxy-2,3-Dihydro-l,4- 
naphthoquinone (83) 

5- Hydroxy-l,4-naphthoquinone (18) 
5oc,8a-Epidioxy-5,8-dihydroergosteryI 

acetate (38) 

5/J,8/i-Epidioxy-5,8-dihydrolumisteryl 
acetate (45) 


Reference 233. 
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TABLE XXXI. Synthesis of a-Azido-/i-nitratoalkanes‘' ,> 


Substrate 

Product! Yield. %) 

Indene 

I-Nitrato-2-azidoindane (70) 

/(-Methylstyrene 

1 -Nitrato-2-azidopropylbenzene (76) 

Styrene 

1 -Nitrato-2-azidoethylbenzene (73) 

I-Hexene 

2-Nitrato-l-azidohexane (56 + 7) 

2-Methyl-1 -pentene 

2-Methyl-2-nitrato-1 -azidopentane (49 + 3) 

Acenaphthylene 

Acenaphthylene nitratoazide (—) 


“ Reference 237. 

* Olefin + CAN + NaN,. 
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Oxidations of Organic Compounds 
with Osmium Tetroxide 

Hari Shankar Singh 


1. INTRODUCTION 

Metal compounds like potassium permanganate, hexacyanoferrate(III), ruthenium tetroxide, 
and osmium tetroxide are widely employed as oxidants in an alkaline medium. Apart from 
synthetic applications in the laboratory these oxidants are also important in industrial syn¬ 
theses. Osmium tetroxide is the oldest compound and has been generally used for 
hydroxylation of olefins. Ruthenium tetroxide reacts in the same way as a vigorous oxidant 
even under mild conditions. 

The oxidation states of osmium vary from (0) to (VIII). Good n donor ligands such as 
fluoride, oxide, or nitride form complexes with higher oxidation states (V—VIII) of osmium, 
whereas good n acceptor ligands like CN - , NO + , CO, arsines, phosphines, 2-2' bipyridyl, 
and stilbenes stabilize the low (0) to (II) states. Good cr donor but poor n acceptor or donor 
ligands such as Cl - , Br - , I - , NH 3 , ethylenediamine, etc., stabilize the intermediate (III) 
and (IV) states of osmium. 


1.1. Chemical Nature of Osmium Tetroxide 

Osmium tetroxide is the most common osmium compound. It is manufactured either by 
the oxidation of the metal or by the action of nitric acid on any of its compounds. In the 
vapor phase it exists in monomeric form. The tetrahedral structure of the molecule has been 
established by x-ray, 1 infrared, and Raman : spectroscopy and by electron diffraction 3 
measurements. 

It is a powerful oxidizing agent. In alkaline medium it forms unstable octahedral 4 ’ 5 
osmium!VIII) complexes of the form frans-0s0 4 (0H) 3 - and OsO^OHHI-UO) 1 - . 
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Therefore, osmium tetroxide has been extensively used in organic chemistry as an oxidizing 
agent or as a catalyst. It is most reactive to attack the tt-cloud of aromatic hydrocarbons 6 in 
the presence of bases such as pyridine, whereas in an inert organic solvent it reacts smoothly 
at room temperature with olefinic double bonds yielding m-diols. In these reactions 0s0 4 
competes with, e.g., ruthenium oxide. However, with the latter more vigorous oxidant 
sometimes C-C bond cleavage is observed. Osmium tetroxide in catalytic amounts has a 
wide range of applications in organic hydroxylations by barium and silver chlorate or Milas's 
reagent (a solution of hydrogen peroxide in t-butyl alcohol). In addition, it is also used as a 
staining and fixative reagent for biological tissues 7 in electron microscopy. It is believed that 
the staining of biological membranes with osmium tetroxide proceeds via attack on 
unsaturated entities of the tissues. 8 ' 10 Recently it has again been used as a universal catalyst 
in the oxidation of organic substrates using co-oxidants in aqueous medium. The following 
sections will deal largely with the synthetic use based on mechanistic aspects of 0s0 4 
oxidation reactions. 

In the following sections we will also outline the mechanism of Os oxidations and give a 
more detailed account of their scope and limitations. Finally, experimental procedures are 
provided for the synthetic organic chemist. 


2. GENERAL MECHANISM OF OSMIUM TETROXIDE OXIDATION REACTIONS 


Osmium tetroxide can be used (i) in stoichiometric amounts either in its original form 
or in the form of some trioxo-osmium(VIII) complex, and (ii) in catalytic amounts in the 
presence of a suitable co-oxidant, e.g., hydrogenperoxide, metalchlorates, /erf-butyl 
hydroperoxide, sodium periodate, oxygen, hexacyanoferrate(III), chloramine-T, etc. 

In most of the reactions (catalytic or noncatalytic) osmium tetroxide has a tendency to 
form inner-sphere complexes with the organic substrates, which in turn disproportionate into 
organic products and osmium(VI) species. In reactions where a stoichiometric amount of 
osmium tetroxide is used the reaction ceases after reductive hydrolysis, whereas in catalytic 
reactions the osmium(VIII) species are regenerated with the help of the co-oxidant used. 

The mechanism of osmium tetroxide in hydroxylation reactions (stoichiometric or 
catalytic) can be explained by taking alkenes as a suitable example. 

There is a general consensus of opinion that the oxidation of alkenes by osmium 
tetroxide proceeds via direct oxygen attack at the unsaturated center, 11 ' 13 giving rise to a six- 
electron transition state (2) leading to the c/s-product. 
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More recently. Sharpless el a!.' 4 have suggested indirect attack of alkenes by osmium 
tetroxide based on the fact that nucleophilic attack on carbonyl compounds occurs 
exclusively at C and not at O. Similarly, a carbon-carbon double bond, although a weak 
nucleophile, would attack at Os (electropositive) and not at 0, thus forming an 
organometallic intermediate (4). 


\ / 

C 

II +OsO. 
c 
/\ 


S!V< 0 ' 

^ O ' X) 


c—o 

1 1 n 


C— Os ^ 

/\ II 

_ _ 


0 


3 


4 





Oxidations of Organic Compounds with Osmium Tetroxide 


635 


This intermediate 4 then undergoes rearrangement during the rate-determining step to a 
five-membered cyclic ester complex (5), which, on subsequent rapid hydrolysis 15 (reductive 
or oxidative) yields the product. 

According to Crieges, 1617 on the other hand, the m-hydroxylation of alkenes by osmium 
tetroxide proceeds via the formation of an intermediate osmium(VI)-ester complex, which 
could be hydrolyzed reductively to give insoluble osmium salts or oxidatively to regenerate 
osmium tetroxide resulting in vicinal m-diols in good yields. Criegee 17 has noticed that the 
rate of osmium(VI)-ester complex formation could be highly increased by the addition of 
excess of tertiary amines such as pyridine to the solution of osmium tetroxide and alkene 
mixture. The reaction stages in the absence and presence of amines are as follows: 

(i) Formation of Osmium< VI)-Ester Complex in Absence of Tertiary Amines. During 
cu-hydroxylation of olefins, osmium tetroxide forms an intermediate osmium(VI)-ester com¬ 
plex, usually written as a tetrahedral species. 18,19 
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It might be a transient species in solution but unlikely to exist in the solid state, because 
third-row transition metals have no tetrahedral d 2 stereochemistry. In addition to this, the 
Ofester )-Os-0( ester) angle strain in the tetrahedral configuration is unfavorable. 

In nonreducing l6 - 2<> ~ 22 organic solvents like ether, benzene, and cyclohexane, dark green 
to black complexes 5 and 6 are formed from 0s0 4 and alkenes. 
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However, the structures of these intermediate osmium(VI)-ester complexes were reviewed 
relatively recently and formulated as dimeric monoester complexes (s>t»- 23 and anti-- ) 
7a and 7b and monomeric diester complexes (6). 


Ether Or Bensene 


\/ 
c 

^ “b 0*0* Or Cjclofctxano 

/\ 


\ / O 

9 \ / \ / 

c-o^ll o 

1 /Os 

^11 ,0— C c—o. 

1 1 ^ 

C — ^0 

\ 

1 

/ 

o 

1 

n- 

n 

1 

o 

\ 

/ \ 

/ \ / \ 

7a 

\ / O \ / 

c — 0^11 /-O-C 

1 OsCf 1 

C—O^ ^o—c 
/ \ / \ 

6 


\ / 

^o-c 

Os I 

II ''O —c 

O / \ 

7b 


Structure confirmation was obtained by ir and x-ray crystallographic studies. 

Alkenes like cyclohexene, ethylene, etc. generally form dimeric monoester complexes. 
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whereas less active alkenes. i.e., tetra substituted alkenes or those having electron-withdraw¬ 
ing groups, form diester monomeric complexes. The dimeric monoester complexes (7a) after 
standing in solution for some time change into monomeric diester complexes (6) along with 
a black highly insoluble trimer (8). 
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(ii) Formation of Osmium(VI)-Ester Complex in Presence of Tertiary Amine. A 
diamagnetic brown colored product has been isolated and characterized as diolatodioxobis 
(amine) osmium(VI)-ester complexes 9. 
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(where L = pyridine, 17:i - 24 - 25 isoquinoline, 24 quinoline, 17 bipyridyl, 27-30 3-picoline, 30,31 
4-picoline. 30 (3-pyridyl) mercuric acetate, 31 and 3-chioropyridine 30,31 ). 

Similarly, osmium tetroxide can be reduced by an alcohol, 34 in the presence of an excess 
of tertiary amine (L) to produce the dimeric (amine) osmium(VI) complexes 10. 


L 

L 



O 


O 

/°-o s / L 

o 


10 


(where L = pyridine. 26,35 3-picoline, 35 , 3-chloropyridine, 35 bipyridyl, 36 imidazole, 37 etc.). 

A bis (amine) osmium(VI) complex analogous to 9 has also been observed by the reac¬ 
tion of osmium tetroxide with nucleic acid components such as uridine, 28,29,40 
cytidine, 28,29,40 44 adenosine, 28,29 guianosine, 28,29 uracil, 40-42 thymine, 41,42,25 and 
thymidine 27-29,31,40,42,43 in the presence of tertiary amines. 

In addition to the aforementioned reactions, osmium tetroxide can oxidize various other 
classes of organic molecules (i.e., alcohols, 45 " 50 diols, 51,52 digole, 53,54 *; aldehydes, 55 ketones. 56 
acids. 57-64 etc.) in the presence of secondary oxidants like hexacyanoferrate(III), periodates, 
etc. From the abundant literature on these oxidations it appears that in most cases osmium 
tetroxide forms a 1:1 complex with the organic substrate or anion derived from it, which dis- 
proportionates slowly in the rate-determining step. Specific examples of this are given in the 
next section (Sections 3.6-3.11, alcohols, aldehyles, and acids). The osmium(VI), thus 
produced, is quantitatively oxidized by the secondary oxidants: 

Os 0 4 (OH)|" + S complex 

Complex ———► osmium(VI) + products 

Osmium(VI) + Ox ———► osmium(VIII) + redox 


* The chemical name of digol is diethylene glycol. Similarly methyl digol, ethyl digol, and butyldigol are 
also named as diethylene glycol monomethyl ether, diethylene glycol mono ethyl ether, and diethylene 
glycol monobutyl ether, respectively. 
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where S is the organic substrate. Ox is the secondary oxidant, and redox is the reduced 
oxidant. In some cases a 1:2 complex of osmium(VIII) and the organic compound is repor¬ 
ted which is resistant to disproportionation. 


3. SCOPE AND LIMITATIONS 

Some of the 0s0 4 reactions are carried out in the presence of stoichiometric amounts of 
osmium tetroxide as such, and some in the presence of imido-osmium(VIII) reagents. In 
recent years catalytic amounts of osmium tetroxide have been most frequently used in the 
presence of suitable co-oxidants like hydrogen peroxide, metal chlorates, periodate, oxygen, 
hexacyanoferrate(III) ion, chloramine-T, etc. The substrates that are oxidized by osmium 
tetroxide include representatives of the following classes of compounds: hydrocarbons 
(aliphatic, aromatic, and alicyclic), alcohols, aldehydes, ketones, acids. Depending on the 
reaction conditions, several other reaction media employed are ether, benzene, cyclohexane, 
pyridine, quinoline, isoquinoline, bi-pyridyl mercuric acetate, silver nitrate, acetonitrile, 
bisulfite, alkaline mannitol, hydrogen sulfide, lithium aluminium hydride, etc. Under normal 
conditions, the reactions with nitriles and imines are not generally observed. Alcohols are, 
however, oxidized more slowly than alkenes with osmium tetroxide. 

Survey of the literature shows that hydroxylation of alkenes by stoichiometric amounts 
of 0s0 4 is the superior method for cis diol synthesis. 1617 This holds notwithstanding the 
high cost and toxicity of 0s0 4 . Systems containing catalytic amounts of 0s0 4 and co¬ 
oxidants have their limitations in this respect, notably further oxidation to aldehydes, 
ketones, or acids. This is most noticeable with, e.g.,oxygen or sodium periodate as cooxidant, 
but it is minimized by using /-butyl hydroperoxide or A-methyl morpholine A-oxide. 

The stoichiometric method is the only one applicable for the hydroxylation of tri- and 
tetrasubstituted alkenes. 


3.1. Oxidation of Alkenes and Related Compounds 


3.1.1. Noncatalytic cis-Hydroxylation of Alkenes 


Hydrolysis of Ester Complexes Resulting in cis-diol. In the preceding section we have 
described the formation of Os(VI)-ester complexes as a first step in cu-diol formation from 
alkenes. The hydrolysis of osmium(VI>-ester complexes is performed oxidatively or reduc- 
tively to produce cis-diol. Reductive hydrolysis is performed using sodium or potassium sul¬ 
fite or bisulfite, 1617 lithium aluminium hydride, 65 ' 66 or hydrogen sulfide. 67 The lower forms of 
osmium, thus produced, are removed by filtration. Recently ethylene diamine tetraacetic 
acid 68 has been used for reduction and possible hydrolysis of osmium(VI>-ester complexes. 

Tables I and II give data on noncatalytic as-hydroxyiation of some representative 
alkenes in the absence and presence of tertiary amines (pyridine), respectively. A good review 
has been made by Schroder 91 on the cu-hydroxylation of alkenes. 

It is interesting to note that electron attracting groups attached to alkenes retard 

\ / 


the reaction with osmium tetroxide 70 82 ' 92 


owing to decrease in nucleophilicity of 


C = C 
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bond. For example, the relative rates of the reaction of 11 with osmium tetroxide decreases 
from 1 to 0.35 and from 1 to 0.28 if X =CH 2 , O, and C(OCHj) : , respectively. 70 
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In an attempt to use osmium tetroxide in organic synthesis of several other series of 
compounds containing carbon-carbon double bonds. Hudson et al.' n tried to prepare dif¬ 
ferent isomers of 3,4-dihydroxy proline. Mauger et al. 9i have stressed the importance of 
proline and its analogs for use in metabolic studies. 
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The action of osmium tetroxide on (V-cbz-3, 4 dihydroprolinamide 95 ( 12 ) gave a 
crystalline a-giycol ( 13 ) in good yield. Hydrogenolysis of 13 to the amide 14 followed by acid 
hydrolysis gave 2,3-mw?j-3,4ri.r-amino acid ( 15 ). 
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In many cases the 0s0 4 adducts are sufficiently stable to permit their isolation.' 796 For 
example, the addition of osmium tetroxide at room temperature to diene 97 ( 16 ) in ether con¬ 
taining pyridine (10:1) immediately resulted in a brown precipitate 17 . The reductive 
cleavage of 17 by mannitol in alkaline solution gives a glycol ( 18 ) and pyrolysis at 250°C 
results in an ot,/?-unsaturated ketone ( 19 ). 



Osmium tetroxide differs from ruthenium tetroxide in the reaction course with olefins. 
The former attacks the double bond to give only ds-diol, whereas the latter cleaves the bond 
to produce predominantly ketones or acids with diols as minor products. This provides the 
basis for selective use of the two oxides according to the product one desires. Osmium 
tetroxide is preferable above ruthenium tetroxide if one aims to synthesize selectively a diol 
from an olefin. This is illustrated by the reaction of osmium tetroxide 98 ’ 99 with 20 , which 
yields only the diol 21 . whereas ruthenium tetroxide gives 67% diketone 22 and 12% diol 21 . 
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In the presence of tertiary bases like pyridine, osmium tetroxide is very reactive, 
attacking the rc-system of aromatic hydrocarbons. 6 For example, a tetrol 23 is formed from 
anthracene and products 25 and 26 from 4,5 dihydrobenzo a pyrene 84101 (24). 




3.1.2. Catalytic cis-Hydroxylation of Alkenes 

Catalytic use of osmium tetroxide can be more convenient owing to its high cost and 
toxicity. Although the oxidation of alkenes with a stoichiometric amount of osmium 
tetroxide gives good yields of cir-diols, a large number of secondary oxidants have been used 
in conjunction with osmium tetroxide (catalytic amount): hydrogen peroxide, metal 
chlorates, tertiary butyl hydroperoxide, /V-methyl morpholine-A r -oxide, oxygen, sodium 
periodate and sodium hypochlorite, etc. In these cases the secondary oxidants are capable of 
hydrolyzing the intermediate osmium(VI)-ester complex oxidatively to regenerate 
osmium(VIII), which in turn undergoes further reduction by the alkene. 


3.1.2a. With Hydrogen Peroxide. The addition 100 ' 102 ' 104 of a solution of osmium 
tetroxide in rm-butyl-alcohol to hydrogen peroxide forms peroxyosmic acid, H 2 OsO 6 , 10S ~ 108 
which rapidly reacts with alkenes to form the osmium(VIII)-ester complex 109 27. The 
hydrolysis of 27 gives osmium tetroxide and the corresponding ra-diol. 108 
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The main disadvantage of this method is further oxidation to produce carbonyl com¬ 
pounds, thus lowering the final yield of ds-diol. The reaction is carried out either under 
anhydrous conditions or in 8% water-benzene, ether and acetone as solvent, but the use of 
benzene is limited because of its slow oxidation to phenol and acidic products over a long 
period of time (a few days). 

Table III represents the m-hydroxylation of some important alkenes in the presence of 
hydrogen peroxide. 

3.1.2b. With Metal Chlorates. A variety of alkenes (e.g„ ethylene, propylene, amylene, 
indene, pinene, and dichloroethylene) with osmium tetroxide form osmium(VI)-ester com¬ 
plexes which are hydrolyzed by the chlorate ion to regenerate osmium tetroxide producing 
the corresponding m-diols. 

During the course of this oxidation, additional chlorohydroxy products 119 were repor¬ 
ted, e.g., crotonic acid gave chlorohydroxy-crotonic acid by using osmium tetroxide 
catalytically in the presence of barium chlorate. 120 Braun 120121 suggested the use of silver 
chlorate instead of potassium chlorate as a source of chlorate ions. In general, barium and 
silver chlorates give better yields of cij-diols and are more easily removed from the solution 
than sodium or potassium chlorate. 

Despite the disadvantage of the formation of chlorohydroxy products, osmium tetroxide 
(catalytic amount) with sodium chlorate (Hofmann’s reagent) is widely used as a cis- 
hydroxylating agent. Trost el al.' 22 have utilized the reagent in an enantioconvergent syn¬ 
thesis of prostanoids. This involves oxidation of 28 from the less hindered side to give 
84%-88% yield of 29. 


COjMt 

ArOiC’ 

28 



COiMc 



Very recently osmium tetroxide in conjunction with barium chlorate was used by Grieco 
et at.' 22 in their total synthesis of the Prelog-Djerassi lactone to oxidize 30 to the 
corresponding cw-diol. isolated as its cyclic acetal derivative 31 in 65% yield. 
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In Table IV data on the oxidations using metal chlorates and osmium tetroxide are 
collected. 

3.1.2c. With teri-Butvl Hydroperoxide. In most cases hydrogen peroxide is also a suc¬ 
cessful co-oxidant with osmium tetroxide (catalytic amount), but in a few cases further 
oxidation leading to high yields of ketols or other aldehydic products is a disadvantage. In 
addition to this, tri- and tetrasubstituted alkenes are difficult to oxidize because their 
osmium(VI)-ester complexes are inert towards oxidative hydrolysis. 132 133 This led to the 
development of /m-butyl hydroperoxide and W-methyl morpholine V-oxide as secondary 
oxidants in catalytic osmium tetroxide oxidations. 

Byers et a/. 134 were the first to use catalytic amounts of osmium tetroxide in the presence 
of /m-butyl hydroperoxide. The oxidation of 2.4,4-trimethylpent-l-ene yielded 2,4,4- 
trimethylpentane-l,2-diol together with formaldehyde and 2,2-dimethylpentane-4-one. 
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Sharpless et a/. 132-133 have developed a new oxidant system involving osmium tetroxide 
as a catalyst with terf-butyl hydroperoxide in the presence of tetraethylammonium 
hydroxide 132 or tetraethyl ammonium acetate 133 in tm-butyl alcohol or acetone, respectively. 
It has been observed that the latter gives a better yield of cw-diol than the former with base 
sensitive alkenes. 133 

Table V represents data on oxidations using tert- butyl hydroperoxide and osmium 
tetroxide. 


3.l.2d. With N-Methylmorpholine N-Oxide. Higher yields of ra-diol were obtained by 
using amine .V-oxide such as /V-methy [morpholine N- oxide 136 as secondary oxidants 
(prepared in an aqueous acetone/t-butyi alcohol solvent system) than with hydrogen 
peroxide and metal chlorates. Osmium tetroxide catalyzed oxidations of pregnadiene 
steroids 137 were studied with triethyl amine ,V-oxide as secondary oxidant. Corey et al. ns 
have used the above reagent in the synthesis of gibberillic acid, 32 being oxidized to 33 in 
89% yield. 



Similarly, in the synthesis of di-pentalenolacetone, Danishefsky et al. u 9 oxidized 34 to 
35. Attack in both cases occurred to the less hindered side of the substrate. 



The results obtained with this oxidation system are listed in Table VI. 

Similar to the tm-butyl hydroperoxide system the Os0 4 /amine-oxide reagent is not 
efficient for cis-hydroxylation of tetra-substituted alkenes. Akasi et a/. 133 have reported that 
/V-methyl morpholine /V-oxide as a co-oxidant failed to oxidize 2.3-dimethyl-2-octene. The 
high cost of /V-methyl morpholine V-oxide may generally favor the use of rm-butyl 
hydroperoxide. Of all the methods for the ds-hydroxylation of tetra-substituted alkenes the 
most suitable process is to use stoichiometric amounts of osmium tetroxide as described by 
Criegee.' 617 ^ 22 


3.1.2e. With Sodium Periodate. Periodates, being vigorous oxidants, can cleave the car¬ 
bon-carbon bonds during oxidation reactions. Owing to this ability the cu-diols formed in 
the catalytic oxidation of alkenes by osmium tetroxide are effectively cleaved to such higher 
oxidation products as aldehydes or ketones. Thus, the oxidation of 36 14U and 38‘ 41 results in 
37 and 39 in 97 % and 86% yield, respectively, as the corresponding ketone products in place 
of c/s-diols. 
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Therefore, if the oxidation of aikenes is to be carried out by this method, alcohol 
protecting groups should be applied to prevent the formation of aldehydic or acidic products. 

Table VII summarizes the data on the oxidations of aikenes by osmium tetroxide and 
sodium periodate. 

In addition to the aforesaid studies, osmium tetroxide can also be used cataiytically to 
oxidize other substrates 212 '' 21 with secondary oxidants such as periodate. 

3.1.2f. With Oxygen. With oxygen the osmium metal gets oxidized to osmium(VIII), 
and hence oxidation of aikenes 146 occurs. Similarly an aqueous solution of osmium(VI) is 
oxidized 147 to osmium(VIII) by air. 6 It has been reported that these oxidations are highly 
pH dependent. They are fast at pH 11, but quite slow above pH 12.5 and below pH 8. Dis¬ 
proportionation of the Os-ester complex occurs below pH 8. 

Cairns et a! . I48 have investigated the oxidation of aikenes in the presence of trisodium- 
phosphate and disodium-hydrogen phosphate (alkaline buffer) 148 by osmium tetroxide and 
oxygen. These oxidations are temperature dependent, being slower at 25°C and faster at 
80°C. In such oxidations, although cw-diols are obtained, the major products are oxalic acid 
along with carbon dioxide. 

3.1.2g. With Sodium Hypochlorite. The use of sodium hypochlorite as a co-oxidant 
with a catalytic amount of 0s0 4 in the oxidation of aikenes is a recent development. It has 
been observed that in the reaction between osmium tetroxide and metal chlorates, 
hypochlorous acid is formed in the later stages of the reaction leading to the formation of 
appreciable amounts of chlorinated products. C/s-hydroxylation of allyl-aicohol to glycerol 
in about 98% yield by using osmium tetroxide (catalytic amount) in the presence of sodium 
hypochlorite 144 has been reported. Also propene, cyclohexene, cyclo-octene, 1-octene, 1- 
decene, 3-chloroprene, acrylic acid, acrylamide, and methyl acrylate were successfully 
oxidized 144 to give ra-products. The oxidations of potassium oleate and sodium 10- 
undecanoate to give erythro-9,10-dihydroxy-stearic acid, and 10,11-dihydroxyundecanoic 
acid in 95% and 50%-60% yields, respectively, have also been reported. 150 Terminal 
aikenes, however, were found to be further oxidized leading to C-C bond cleavage." 

3.1.3. Oxidation of Aikenes and Related Compounds by Alkylimidoosmium Compounds 

New synthetic opportunities are offered by alkylimidoosmium reagents to afford vicinal 
tertiary alkyl-amino alcohols in good yield with a variety of olefins via reductive cleavage of 
osmate esters. In addition to a large number of methods already available for /f-amino 
alcohol 151 168 synthesis, this new procedure permits direct cis-addition of oxygen and 
nitrogen moieties to the olefinic double bonds. 

Recently Sharpless et al. 169 have reported nitrogen (40) and carbon (41) atom transfer 
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processes analogous to oxygen-atom transfer of transition metal oxo-compounds (42) with 
olefins. 
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This is illustrated in the formation of 43 from metal-aza compounds and olefins, anologous 
to the formation of 44 with metal oxo compounds. 
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The two transition metals, vanadium 171172 and osmium, 173 177 
figuration and form similar types of alkyiimido compounds 45 and 46. 
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This alkylimidoosmium reagent (46) forms a complex with alkenes which after reductive 
cleavage of osmate ester results in an excellent yield of vicinal tertiary alkyl amino alcohols. 
Table VIII represents comparative yields of amino-alcohols to diols for typical olefins. 

The synthetic utility and limitation of this new reagent depends on solvent, temperature, 
olefin substitution pattern, and functional groups. 

Correct choice of solvent 70 gives better yields of amino-alcohols. For example, if the 
oxyamination reaction is carried out in solvents like CH,C1 2 , THF, /cr/-butyl alcohol, lert- 
butyl amine, and pyridine, the highest yield of amino-alcohol and the lowest of diol is 
obtained in pyridine. This might be due to the higher coordinating ability of pyridine com¬ 
pared to the other solvents. 

The oxyamination reactions are highly temperature dependent. For example, 
oxyamination of (z)-5-decene in pyridine at room temperature results in 42% diol and 25% 
amino-alcohol, whereas at 0°C 65% amino-alcohol and 25% diol are produced in six days. 
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The substitution pattern 92178 of the olefins has a pronounced effect on the reaction rate. 
For example, monosubstituted olefins react faster with the amido-reagent whereas di- and 
trisubstituted olefins are slow. 

Substituents present in olefins also affect the reaction pattern. For example. 1- 
phenylbut-3-ene-l-ol and A-allyl aniline gave a large number of uncharacterized products in 
addition to the expected amino-alcohol. 

Recently in order to improve the amino-alcohol/diol ratio Sharpless et al.' 19 have 
studied the reaction of olefins with 46a (rer/-BuNOsOj) in a noncoordinating solvent in the 
presence of certain tertiary alkyl bridge head amines such as quinuclidine, 3-quinucledione, 
3-quinuciidinyl acetate, l,4-diaza-bicyclo-2.2.2-octane, and hexamethylene tetramine. All 
these bases are much better than pyridine in promoting amino alcohol formation, 
quinuclidine being the most efficient. 

The imidoosmium process has two main limitations: (i) a stoichiometric amount of the 
imidoosmium reagent 46 is required for the synthesis of amino-alcohols, and (ii) it is difficult 
to remove the rm-alkyl group from the product. 


3.1.4. Oxidation of Alkenes by Chloramine-T (Osmium Catalyzed) 

A new catalytic process for oxyamination reactions by chloramine-T (47) in the presence 
of 1% osmium tetroxide results in vicinal-hydroxy />-toluenesulphonamides 180-183 ( 48) from 
olefins. 
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It is a definite improvement considering the limitations of the imido reagent mentioned in 
Section 3.1.3. In the presence of silver nitrate monosubstituted and sym-disubstituted olefins 
gave faster reactions, giving better yields of oxyaminated products with this method. 

The only limitation is with unsym-disubstituted and tri-substituted olefins, where 
oxyamination is less efficient. 

Later on Harranz et al. 183 developed a new phase transfer catalyst (PTC) method 183 
which was an improvement over the previous method for oxyamination of mono- and 
sym-disubstituted olefins on account of economy, better yields, and somewhat greater scope. 
The phase transfer catalyst used in the process is benzyltriethyl ammonium chloride. 

Similarly, for unsym-disubstituted and tri-substituted olefins an alternative method has 
been suggested to get better yields. In this procedure the olefins are dissolved in rm-butyi 
alcohol followed by the addition of chloramine-T and osmium tetroxide at 55-60°C. These 
procedures are still not suitable for the oxyamination reaction of tetramethylethylene, 
cholesterol, diethylfumarate, or 2-cyclohexene-1-one. Some representative results have been 
summarized in Table IX. 

Recently the synthetic utility of vicinal hydroxy-p-toluenesulfonamides has again been 
explored in oxyamination procedures 184 to synthesize a variety of compounds, including 
some /V-tosylaziridines. The various compounds synthesized are tabulated in Table X. 

In addition to the aforesaid studies osmium tetroxide can be used to catalyze the 
oxidation of other substrates with chloramine-T. 217 

3.1.5. Oxidation of Alkenes by N-chloro-N-argentocarbamates (Osmium Catalyzed) 

Sharpless et al . 181 have developed another new reagent, i.e.. ,V-chloro-A'-argentocar- 
bamate with a catalytic amount of osmium tetroxide to overcome the difficulties of the 
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previous procedures. 169 170180186 The reagent 181187 is formed in situ by the action of N- 
chloro-sodio-carbamates (49) with silver nitrate in acetonitrile. Vicinal hydroxycarbamate 
(50) is obtained in good yield from olefins using 1% osmium tetroxide (catalytic amount). 
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R' = tert-butyl, iso-propyl, ethyl, benzyl 

This procedure has a different scope of reactivity compared to the previous methods. It 
is more effective with electron deficient olefins such as di-methylfumarate. On the other hand, 
with this method trisubstituted olefins are less readily oxyaminated. 

In addition to the argentocarbamates, Sharpless et al . 182 have developed a number of 
metallocarbamates in order to effect a more effective osmium-catalyzed oxidation of alkenes. 
The results obtained with various metals on styrene are given in Table XI. Mercury(II) salts 
give the most powerful oxyamination reagents. 


3.2. Oxidation of Alkynes (Acetylenes) 

Recently Griffith et al. tl have studied the oxidation of alkynes with osmium tetroxide in 
the presence of tertiary bases. They have reported that osmium tetroxide reacts with alkynes 
(acetylene, diphenyl acetylene, phenylacetylene, and methyl-phenyl acetylene) in the presence 
of tertiary amines (pyridine or isoquinoline) affording /rons-dioxo-osmiuml VI) complexes 
0s,0 4 (0 4 C 2 RR')L 4 with structure 51. 




O 

II 

Os 

II 

o 


/ 

R 

I O 

O—C — Ovjl 

O—C —O II L 

I O 


51 


Here L = pyridine or isoquinoline, which on hydrolysis yields the corresponding alkyne 
derived products. Some of the hydrolysis products are listed in Table XII. 

Catalytic amounts of 0s0 4 with cooxidants like potassium chlorate in a /er/-butyl 
alcohol-acetone-water solvent system react with diphenylacetylene to give benzil in 79% 
yield. On the other hand, the use of hydrogen peroxide as co-oxidant results in conversion of 
alkynes to the corresponding hydroxy aldehydes and hydroxy 188 acids. 


3.3. Oxidation of Dienes 

Osmium tetroxide (stoichiometric amount) reacts with a number of dienes, 71103 111 189 190 
resulting in tetrols or unsaturated diols. There have been few investigations on the reactions 
of osmium tetroxide with dienes in the presence of amines. 17191 Generally the products have 
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been isolated, but no structure could be assigned. However, recently Grieffith el al Hl have 
studied the reaction of osmium tetroxide with dienes, viz., cyclo-octa-1,5-diene, 2,3-dimethyi- 
buta-1,3-diene, and 4-vinylcyclohexene in the presence of tertiary amines (pyridine or iso¬ 
quinoline) giving products of the general formula [0s 2 0 4 (0 4 R)L 4 ] and [0s0 2 (0 2 R)L 2 ], 
where R = Cyclo-octa-1,5-diene, 2,3-dimethylbuta-1,3-diene, and 4-vinyicyclohexene. having 
the structure of the type 52 and 53. 


O 

L^ir 

o 



52 


O 



O 


■°sl 


\ 


L 

L 


O 


53 


Tanaka 80 has obtained 14% yield of the product w-cyclo-octan-5,6-diol upon 
hydrolysis of 52 with hydrogen sulfide, whereas with sodium sulfite 76% yield of diol was 
obtained. 


3.4. Oxidation of Quinones 

Savoie el al . 114 have reported the osmic acid catalyzed oxidation of quinones in fairly 
good yields of the isomers of some m-5,6-dihydroxycyclohex-2-ene-l,4 diones (54). 


O 


O 

54 


H 

OH 

H 

OH 


For example, toluquinone and o-xyloquinone give mixtures of two possible isomers 55 and 
56, whereas a-naphthaquinone gives product 57. 



3.5. Oxidation of Steroids 

The reaction 89 ' 90 ' 192 ' 201 of osmium tetroxide either in stoichiometric amounts or in 
catalytic amounts in the presence of hydrogen peroxide with zf 4 -steroids results in cis- 
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4,5 diols. Osmium tetroxide reacts with cholest-4-ene (58) to a mixture 1961 ’ 7 of 4a,5a-diol 
(59) and 4/?,5/?-diol (60) in the ratio 5:1. Bathurst et at. 199 claimed the 4/j,4/i-diol (60) struc¬ 
ture as the major product without comment. This has recently been confirmed by Bull et 
ai 202.203 w jj 0 j laye treatec [ 58 w jth osmium tetroxide in the presence of pyridine at 25°C for 
about 48 h, resulting in a 1:3 ratio of 59 and 60. 


C«Hl7 



58 59 60 


3.6. Oxidation of Pyrans 

Srivastava et at. 41 have synthesized 4-O-methyl-a-DL-lyxopyranoside (64) and methyl-4- 
deoxy-/S-DL-erythro-pento-pyranoside (63) by the reaction of osmic acid in pyridine with cis- 
2,5-dimethoxy-5,6-dihydro-2H-pyran (62) and 2-methoxy-5,6-dihydro-2H-pyran (61), 
respectively. Hydrolysis of 64 and 63 gave 4-O-methyl-DL-lyxose ( 66 ) and 4-deoxy-DL-ribose 
(65), respectively. The total synthesis is outlined as follows: 



HiO+ 


H, SO« R 


61 R=H 

62 R =OCHj 


/^-o 


OH 


OH 


OH 


65 R = H 

66 R=OCHi 


3.7. Oxidation of Alcohols and Related Compounds 

Singh et a /. 45 ^ 60 ' 63 ' 208 were the first to examine the kinetics of osmium tetroxide 
oxidations of various organic substrates , 204 ' 205 e.g., alcohols, aldehydes, ketones, acids. It 
is suggested that the oxidation of alcohols 45-4 ’ (primary and secondary) proceeds via the 
activated complex formation between alcohol and osmium tetroxide, which slowly decom¬ 
poses to the osmium(VI) species and the corresponding intermediate product (Fig. 1 shows 
the effect of OH - on the reaction rate). Osmium(VI) is rapidly regenerated to osmium(VIII) 
with the hexacyanoferrate(III) ion. The course of reaction is outlined as follows: 



648 


Hari Shankar Singh 


0s0 4 (H,0)(0H)‘" +OH“ 

R 

\ 

0s0 4 (0H)?-+ choh 

/ 

H 


[Complex] 


Os0 2 (OH)]- +20H“ + 2Fe(CN) 3 ~ 
Intennediate product 


0s0 4 (0H);- +H,0 

'r 

\ 

CHO-OsO,(OH)|- 

/ 

H 

Complex 

R 

\ 

C = 0 + 0s0-.(0H)]~ 

/ 

H 

Intermediate 

product 

0s0 4 (0H);- + 2H,0 + 2Fe(CN); 
Acids 


Later Kalavoda el a/. 206,207 confirmed the results of Singh et a/. 45 ^* 9 by regenerating the 
osmium(VIII) species by poiarography. 

In addition to the above results, the oxidation of methyl digol, ethyl digoi, 53 
methoxyethanol, and ethoxyethanol 54 shows that the reaction proceeds in two ways: (i) 
acivated complex formation between osmium tetroxide and the organic substrate; (ii) 
activated complex formation between osmium tetroxide and an anion (derived from the 
alcohol molecule). In these cases the final oxidation products were the corresponding organic 
acids. 



FIGURE I. Osmium tetroxide catalyzed hexacyanoferrate(III) ion oxidation of ethanol. K,Fe(CN), 
= 2.000 x 10 " s M, ethanol = 0.10 M. 0s0 4 = 1.94 x 10" 5 M, fi = 0.5 M , temperature = 30°C. 



Oxidations of Organic Compounds with Osmium Tetroxide 


649 


3.8. Oxidation of Diols and Related Compounds 

The oxidation of diols 51 ' 52 is of great interest because of the unusual oxidation pattern. 
Diols can react as alkoxide ions or as such. This peculiar behavior of diols was inferred from 
kinetic observations. Manifold variations of diol concentration show that the reaction 
velocity initially increases with diol concentration, reaches a maximum, and then decreases at 
still higher concentrations. This decrease in reaction velocity is attributed to the formation of 
a 1:2, osmium-diol complex (Fig. 2). 

Plots of reaction rates versus hydroxide ion concentration (Figs. 3A and 3B) showed 
that the reaction is first order in hydroxide ion at lower OH” concentration, but tends 
towards zero order at higher OH~ concentrations (Figs. 3C, 3D, and 3E). 

The variation of osmium tetroxide and hexacyanoferrate(III) shows first-order and zero- 
order kinetics, respectively, for the entire course of the reaction. In order to explain the 
actual path of the reaction, two reaction schemes have been proposed (Schemes 1 and 2). 

The final oxidation products have been identified by chromatography. In ethane-1,2- 
diol, oxalic acid has been confirmed as the final oxidation product. Oxalic acid and acetic 
acid were obtained as the final oxidation product in propane-1,2-diol, whereas formic acid, 
acetic acid, and oxalic acid were obtained in butane-2,3-diol. 

Similar results have also been observed in the osmium tetroxide-catalyzed oxidation of 
sorbitol and mannitol. 208 


3.9. Oxidation of Aldehydes and Ketones 

The exact role of osmium tetroxide has been examined in the oxidation of 
acetaldehyde, 55 acetone, and methyl-ethyl ketone 56 by aqueous alkaline 
hexacyanoferrate(lll) ion. The kinetic data suggest that the oxidation of these organic sub¬ 
strates proceeds via the formation of an activated complex between enolate (derived from the 



FIGURE 2. Osmium tetroxide catalyzed hexacyanoferrate(III) ion oxidation of diols. 
KjFe(CN),, = 2.0 x 10" 3 M, NaOH = 1.0 x 10~ 2 M OsO„ = 1.95 x 10' 5 M (for ethane-1.2 diol). tem¬ 
perature = 30°C. 
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FIGURE 3. Osmium tetroxide catalyzed hexacyanoferrate(III) ion oxidation of diols. 
K,Fe(CN) 6 = 2.0 x lO -3 .W. 0s0 4 = 1.95 x 10' 5 M and temperature = 30 C. A. Ethane- 

diol = 4.0x I0 -2 M; B, propane-1.2-diol = 0.5 x 10 -2 M; C, ethane-diol= lO.Ox 10~ 2 M; D, propane- 
1,2-diol = 1.0x 10~ 2 E, butane-2,3-diol = 1.0x 10“ 2 M and OsO 4 = 3.90x 10' 5 M. 


organic substrate) and osmium tetroxide which rapidly decomposes followed by a fast reac¬ 
tion between reduced osmium(VI) species and hexacyanoferrate(III) ion. The reaction 
scheme is proposed as follows: 


R 

I 

CH j — C = O + OH “ 

R 

I 

CH, = C - O + 0s0 4 (0H )§" 
[Complex] 

CHO „ CHO 
I -2-* I 
CHjOH CHO 


R 

I 

ch 2 = c-0 + h 2 o 

-► [Complex] 

-2^-CH0 + 0s0 4 (0H)5' 
ch 2 oh 

COO- 
—2— I 

COO- 


R —H, for acetaldehyde; R = C 2 H 5 for methyl-ethyl ketone; R=CH 3 for acetone. 


OsQ 4 (OH)‘- +2H 2 0 


OsO,(OH)*- + 20H“ + 2Fe(CN)’~ 


fast 


OsOj(OH)]- +20H- 
OsQ 4 (OH)|- + 2H 2 0 + 2Fe(CN)j _ 
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SCHEME 1 


G + OH- 
0s0 4 (0H)(H,0)‘-+OH- 
(C) 

C.+G- 

C,+2G“ 


G.. + H,0 
Os0 4 (OH)^- + H,0 
(C,) 

Complex (Ci) 

Complex (C,) 

Os(Vl) + other reaction products 


Os(VI) + 2Fe(CN) 4 ~ —Os(VIII) + 2Fe(CN)<- 


3.10. Oxidation of Hydroxy Acids 

In order to explain the catalytic activity of osmium tetroxide in the oxidation of hydroxy 
acids, a considerable amount of kinetic data have been collected with a variety of acids. 


3.10.1. Oxidation of Glycolic and Lactic Acids 


With osmium tetroxide-catalyzed oxidation of glycolic and lactic acid 58 with 
hexacyanoferrate(III) ion, the oxidation product study suggests that the oxidation involves 
C-H bond fission via acid-osmium(VIII) activated complex formation. The complete course 
of the reaction may be represented as follows: 


COO" 


COO" 


H-C-0H+0s0 4 (0H)i~ 


H—C-O—OsOj(OH)5~ 


R 


- COO~ 

H —C —O —OsOj(OH)f 


+ OH - 


L R 

COO" 

I 

C = 0 + 0s0 4 (0H)1- 


R 


J R +H,0 + H + 

COO - COO" 


c=o + o —coo- 


R 

R = H for glycolic acid; R = CH 3 for lactic acid. 

The keto acids formed are further oxidized to oxalic acid as the final product. 


SCHEME 2 


0s0 4 (0H)(H 2 0)'- +OH- 


0s0 4 (0H)C +h 2 o 

(C) 


(C.) 

C, + G 


Complex (C 4 ) 

C,+2G 

— 

V. 

Complex (C s ) 

c 4 

slow 

> Os( VI) + other reaction products 

Os(VI) + 2Fe(CN)j" 

fast 

. Os(VIII) + 2Fe(CN)<- 
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3.10.2. Oxidation of Malic and Mandelic Acids 

Kinetic data along with the product analysis led Singh et a/. 5763 ' 209 to propose similar 
steps for the oxidation of malic and mandelic acid. It has been concluded that the oxidation 
of these molecules takes place by fission of the C-C bond rather than the C-H bond. Hence 
the probable steps might be represented as follows: 


COO- 

i 

H-C-OH-f 0s0 4 (0H)?- 
R 

coo- 


H-C-0-0s0 3 (0H)^- 


+ OH ‘ 


COO" 
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H-C-0-0s0 3 (0H) 2 - 

I 
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H-C = 0 + C0 2 + 0s0 4 (0H)5- + H 2 0 
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H —C = 0-f O 


O 

/ 


R-C 


R 


O - 


R = —CH 2 COOH for malic acid; R = C 6 H 5 for mandelic acid. 

The osmium(VI) is converted to osmium(VIII) in this reaction as described before. 


3.10.3. Oxidation of Tartaric Acid 

In the 0s0 4 -alkaline hexacyanoferrate(III) ion oxidation of the tartrate 57 ion the rate is 
consistent with a mechanism involving, as the first step, the formation of a 1:1 complex of 
osmium(VIII) and the anion of the organic acid followed by decomposition to the inter¬ 
mediate products and the osmium(VI) species by the hydroxide ion. Osmium(VI) is rapidly 
oxidized to osmium(VIII) by alkaline hexacyanoferrate(III) ion. The kinetic data obtained at 
higher tartrate concentrations indicate the formation of an osmiumfVIIl H tartrate ) 2 com¬ 
plex which is resistent to decomposition. The possibility of the formation of 
osmium(VI )-organic anion complexes, causing a retarding effect on the reaction velocity 
during the kinetic run, has also been observed. The following reaction path has been 
proposed: 
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coo" 

H—C-O —0s0 3 (0H)5- 

i 

H-C-OH 

COO" 


+ 30H" 


H—C=0 COO" 


H —C = 0 

I 

H-C-OH + CO 5 - +0s0 4 (0H^- +2H,0 

I 

COO" 


H-C-OH —H-C-OH 

I ! 

COO" COO tartronate ion 

0s0 4 (0H)j" + 2H 2 0 —* 0s0 : (0H) 2 "+20H" 

OsQ 2 (OH)a- +20H" +2Fe(CN)^- —0s0 4 (0H)?" + 2H,0 + 2Fe(CN) 9 " 


3.11. Oxidation of Dicarboxylic Acids 


3.11.1. Maleic and Fumaric Acid 

Maleic and fumaric acid are both oxidized to the corresponding diols. With the alkaline 
hexacyanoferrate(III)-Os0 4 system . 60 ' 210 ' 211 maleic acid gives the mesodiol and fumaric acid 
yields the Dl-diol. There is a little difference in mechanism and reaction rate, the oxidation 
being more facile with maleic acid. The data in the maleic acid case are consistent with a 
mechanism involving the formation of an Os(VIII)-maleate complex in the first equilibrium 
step followed by its disproportionation in the subsequent steps yielding the Os(VI) species 
and the tartrate ion. 

The oxidation mechanism for the fumarate ion, on the other hand, is in consonance with 
the formation of an Os(VIII)-fumarate complex with a possible exchange of OH " ion coor¬ 
dinated with Os(VIII) as in the species 0s0 4 (0H!;~. The complex then undergoes a similar 
disproportionation, yielding Os(VI) and tartrate ion. 

The Schemes 3 and 4 substantially account for the experimental data. 


3.11.2. Oxidation of Malonic Acid 

The active methylene group plays an important role in the oxidation of malonic acid 59 
by hexacyanoferrate(III) ion in the presence of osmium tetroxide used as a homogeneous 
catalyst. The inner-sphere mechanism involves the formation of two types of complexes: one 
between osmium tetroxide and malonate ion and the other between osmium tetroxide and 


SCHEME 3 


(i) 0s0 4 (0H)(H 2 0)'- +OH- ^ 0s0 4 (0H)5- +H,0 

C C, 

-ooc coo- 

\ / 

(ii) 0s0 4 (0H)C + C = C [Complex J 

/ \ C, 

H H 

(iii) [Complex] (|Q Os(VI) + OOC-CH(OH)-CH(OH)-COO- 

C 2 : ° 

(iv) Os(VI) + 2Fe(CN)»- —Os(VIII) + 2Fe(CN)‘“ 
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SCHEME 4 


(i) 0s0„(0H)(H,0| ! - + OH " ^ 0s0 4 (0H);- + H,0 
C C, 

H COO 


\ / 


(ii) 

OsO„(OHH- + 

C = C ^ [Complex ] + OH * 



/ \ c 3 


OOC H 

(iii) 

[Complex]-> 

Os(VI) + OOC CH(OH) —CH(OH )COO 


c 3 


(iv) 

Os(VI) + 2Fe(CN)’- 

—22— Os(VIII) + 2Fe(CN)* _ 


malonate carban ion formed via the reaction between malonate ion and hydroxide ion. The 
malonate carban ion disproportionates slowly resulting in osmium(VI) species and other 
products. 
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(vi) 


CH, + 0s0 4 (0H)?- 


COO- 


[Complex] 

C 4 


C, ———► Os(VI) + other reaction products 
Os(VI) + 2Fe(CN)2~ —Os(VIlI) + 2Fe(CN)£- 


3.12. Osmium Tetroxide in Biochemistry 

Osmium tetroxide has also been proved to be a versatile reagent in bioorganic synthesis. 
Below some important miscellaneous examples are given. 

(i) Several 9-oxygenated 15-hydroxyprostanoic acids have been synthesized by Bagli et 
225-225 w j t j, out an oxygen function at C—11. 

O 

10 


OH CHj 
67 



n 
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Primary natural prostaglandins bear an oxygen function both at C — 11 and C —9. Chinn el 
al. 226 synthesized certain 9-deoxy-l 1-oxygenated prostanoids 227 '" 8 to examine possible 
biological activity as a function of chemical structure. In the synthesis of such an active class 
of compounds osmium tetroxide plays an important role to convert [i, y-unsaturated ketone 
(68) into ji -keto aldehyde (69) which is in equilibrium with S-cw-enol (70). 



(ii) An interesting biologically active azaprostaglandine has been prepared by Barco et 
al. 229 viz., ll-deoxy-8-aza prostaglandin E, (71) from pyroglutamic acid via synthon 
(72). 230,231 The synthesis of synthon (72) has been reported by two alternative 
approaches 232 —one starting from the co-carbinol lactam (73) and the other starting with 
isoxazoie acid (74). 



OH 

71 


ii— N — (CH 2 ) 4 CO,Mc 
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v CHO 


— N —(CHi) t ~C02Mc ~ n 
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i N JLch, 
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72 


73 


74 


In this synthesis osmium tetroxide converts 75 or 70 into the hydroxy lactam 73 (about 
90% yield) in the presence of NaI0 4 , 143 



75 


R=(CHj)«COjM e 73 
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whereas in the second approach osmium tetroxide NaI0 4 converts 77 into 72. 







NalO< [ 

OjO< 

'C*H S ''CHO 

77 R=(CHj).COjMc 72 



(iii) A recently discovered metabolite prostacyclin [PGI 3 (78)] from arachidonic acid 
is a potent inhibitor of human platelet aggregation and a relaxer of certain vascular 
tissues. 233 234 In the synthesis of 6a-carbaprostaglandin 235 1 2 (79), which is stereoisomer of the 
naturally occurring prostacyclin [FGI : (78)], compound 80 has been hydroxylated 
catalytically with osmium tetroxide in the presence of A-methy 1-morpholine oxide 
dihydrate 136 to give the isomeric cis glycols (81) in quantitative yield. 





R,CH= CH CiHn 


(iv) A bisbenzocyclo-octadiene Lignan 236 [±schizandrin] (82), the main biologically 
active Lignan component obtained from the fruits of Schizandra Chinensis fiat//, 237 ' 238 has 
been synthesized starting from the diketone 83. In this synthesis the hindered double bond of 
84 reacts with osmium tetroxide in pyridine to afford the diol 85 on attacking at the less hin¬ 
dered site. 
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(v) David et al. 239 have used osmium tetroxide in the synthesis of 3-0-( 2-acetamido-2- 
deoxy-a-D-galactopyranosyl )-D-galactose, 239 the terminal structure in the blood-group A. 
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(vi) Benzo[a] pyrene (BAP) is a potent carcinogen" 40 and an environmental 
pollutant. The “K-region” diepoxide. 4,5:11,12-diepoxy-4,5:11,12-tetrahydrobenzo[a] pyrene 
(86) was synthesized through osmium tetroxide oxidation of the hydrocarbon 87 





[K-region: double bonds in polycyclic aromatic hydrocarbons are regions of high electron 
density similar to that of the 9,10 bond of phenanthrene. ] 

(vii) Current el a/. 241 have prepared rraru-2-benzyloxy-3,6-dihydro-6-methyl-2H-pyran 
(91), which is a useful precursor of a number of the 2,6-dideoxygiycoside structures occurring 
in several natural products. For example adriamycin, a potent antileukemia drug, consists of 
the aglycone adriamycinone coupled to the 3-amino-2,3,6-trideoxy sugar daumosamine. 

Hydroxyamination of 91 by chloramine-T, silver nitrate, and a catalytic amount of 
osmium tetroxide results in the formation of two isomeric compounds 92 and 93, whereas 91 
is also converted to the isomeric diols 94 and 95 by ten -butyl hydroperoxide, tetraethyl 
ammonium acetate, and a catalytic amount of osmium-tetroxide. 
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(viii) The chemistry of osmium tetroxide has also attracted attention in the field of 
proteins and amino acids. Bahr 25 pointed out that certain amino acids are quite reactive with 
osmium tetroxide under mild conditions. Studies have been carried out to examine the 
oxidation of lysine, histidine, methionine, cystine, and tryptophan with osmium 
tetroxide. 37,242 " 246 Cross-linking 247,248 of proteins has been suggested during the reaction with 
osmium tetroxide. The liquefaction of protein gels upon long exposure to osmium tetroxide 
has also been observed due to peptide bond cleavage, which has been confirmed by Pollard 
et a/. 245 - 249 Ford et al. 2S0 have shown that the reactivity of osmium tetroxide is greatly affec¬ 
ted by certain ligands like pyridine. Very recently Deetz et al. 2Si have reported the cleavage 
of peptide bonds and the pronounced effects of the ligand during a kinetic study of the reac¬ 
tions of osmium tetroxide with amino acids and proteins. 

(ix) Midden et al. 42 have used osmium tetroxide with yeast tRNA Tyr to prepare its 
specific, single-site derivative where osmium is attached covalently to the isopentenyl 
adenosine residue at the side 3' of the anticodon. 


4. EXPERIMENTAL CONSIDERATIONS AND PROCEDURES 

In this section an attempt is made to evaluate the various experimental conditions such 
as concentrations, temperature, pH, solvent, etc. in the light of oxidant, co-oxidant, and sub¬ 
strate for various types of reactions. 

Osmium tetroxide is very toxic. Its vapor attacks the eyes and may cause temporary 
blindness, conjunctivitis, and corneal ulceration. It also attacks the nose, throat, and 
bronchial passages. Fortunately it has a characteristic and powerful odor. There is no 
evidence for cumulative poisoning by the compound. Since almost all the osmium com¬ 
pounds are very easily oxidized to the tetroxide, great care is necessary in working with them 
and a well-ventilated fume cupboard is essential. There are a number of reviews 253-256 on the 
toxicology of osmium. 


4.1. Osmium Tetroxide in Alkaline Medium 

Osmium tetroxide, a pale yellow solid of m.p. 40.6°C and b.p. 131.2°C, is the most com¬ 
mon compound of osmium. It can be prepared by burning osmium metal 252 in air or by 
oxidation of osmium compounds of lower valency states with a wide variety of oxidizing 
agents; nitric acid is the most commonly used reagent for its synthesis. 

Osmium tetroxide is moderately soluble in water, whereas in alkaline medium it exists 
as octahedral complexes 4-618 of the form /7 wis-0s 0 4 (0H)(H : 0)'~ and 0s0 4 (0H)^ _ . At 
lower alkali concentration osmium tetroxide assumes the former and at higher alkali concen¬ 
trations the latter structure. It can be represented as 

0s0 4 (0H)(H 2 0)'- +OH" ^ 0s0 4 (0H)5" + H,0 

When osmium tetroxide is dissolved in higher alkali concentration it forms 
0s0 4 (0H); - according to the following equation: 

0s0 4 + 20H ~ ^ 0 s0 4 (0H)^- 
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4.2 Oxidation of Alkenes by Criegee's Method 
4.2.1. In the Absence of Bases 

According to Criegee's classical procedure alkenes 16-21 are treated with a stoichiometric 
amount of osmium tetroxide in an inert solvent (e.g., ether, dioxane, benzene, or 
cyclohexane) at room temperature and the mixture is allowed to stand at room temperature 
or cooled for several days or weeks. An osmic ester is formed which in some cases 
precipitates from the reaction mixture and in some other cases must be isolated by 
evaporation of the solvent. The osmic(VI) ester hydrolyzes in a reducing medium like 
alkaline formaldehyde or aqueous-alcoholic sodium sulfite giving m-diol and osmium. 


4.2.2. In the Presence of Bases 17 2l 24 ~ 42 

The hydroxylation of flavone acetate is carried out in the following manner: 300 mg of 
flavone acetate is dissolved in 10 ml of dry benzene and to it is added a solution of osmium 
tetroxide, prepared by dissolving 195 mg of 0s0 4 in a mixture of 2.80 ml of dry benzene and 
0.30 ml of pyridine. The light yellow color of the solution darkens immediately, and after 
10 min a precipitate appears. The mixture is kept at room temperature for about four days 
till all the solid is deposited. After this the whole content is diluted with 30 ml of ether and 
kept overnight. The solid is filtered off and washed with ether. It is then dissolved in 20 ml of 
ethylene dichloride and shaken with 10 ml of 2% aqueous potassium carbonate solution. 
The ether soluble part (flavone salt) when crystallized from ethyl acetate yields colorless 
crystals (m.p. 246-248 °C). 


4.3. General Procedure for the Cleavage of Osmate Esters 

In order to prepare diols from alkenes, 96 100g (3.94 m mol) of osmium tetroxide is 
stirred with 3.9 mmol of an alkene dissolved in 15 ml of pyridine up to the appropriate time. 
While stirring this mixture a solution of 1.8 g of sodium bisulfite, 30 ml of water, and 20 ml 
of pyridine is added (sodium sulfite, water, and pyridine are kept in the ratio of 2:3:35 in the 
final mixture). In 30 min a clear orange solution is obtained. Chloroform is used to extract 
the product. This chloroform extract is dried over sodium sulfate or potassium carbonate. 
The solvent is evaporated in vacuo to yield the diol product. Tables I and II indicate the 
range of yields at varying conditions. 


4.4. Os0 4 -Catalyzed m-Hydroxylation of Alkenes 

4.4.1. Oxidation of Cyclohexene with OsOJH 2 O 2 l02 ~' 0S 

The H,0 ; reagent is prepared as follows: to a mixture of 100 ml of pure (er/-butyl 
alcohol and 25 ml of 30% hydrogen peroxide anhydrous sodium sulfate (or better, 
anhydrous magnesium sulfate) is added in small portions. Two layers separate. The alcohol 
layer, which contains most of the hydrogen peroxide, is removed and dried with anhydrous 
magnesium sulfate, followed by anhydrous calcium sulfate. The resulting liquid is a solution 
of 6.3% hydrogen peroxide in rm-butyl alcohol. 

Cyclohexene (peroxide free, b.p. 81-83°C) (8.2 g) is mixed with 55 ml of the reagent and 
a solution of 15 mg of osmium tetroxide in anhydrous tert- butyl alcohol is added. The 
mixture is cooled to 0°C. The whole mass is kept overnight and the initial orange color dis¬ 
appears. The solvent and the unused cyclohexene are removed by distillation at atmospheric 
pressure. The residue is fractionated under reduced pressure. The fraction collected at b.p. 
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Cyclopentane, 4 days, 20°C NaHSO, 



Dioxane, 5 days, 20 C NaHSO 
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Diethyl ether, 96 h Na 2 SO 
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Cyclopentane NaHSO 



Pyridine, 15 h NaHSO 
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120-140°C/15 mm solidifies immediately. This material is recrystallized from ethyl acetate. 
The yield of pure cis- 1,2-cyclohexane-diol (m.p. 90°C) is 5.0 g (44%). Table III represents 
the c/r-hydroxylation of some important alkenes by hydrogen peroxide. 


4.4.2. Oxidation with OsO JMetal Chlorates 

For the preparation of diols via c/s-hydroxylation, metal chlorates 119-123 have been used 
as co-oxidants; barium chlorate is the most efficient, giving better yields. However, 
procedures involving potassium chlorates and silver chlorate are also given in this section. 


4.4.2a. Oxidation of Crotonic Acid to Dihydroxybutyric Acid by Osmic Acid/Barium 
Chlorate. In this method barium chlorate is used in two ways: 

/. Addition of the Total Quantity of Chlorate in One Operation. Barium chlorate 
(15.6 g) (25% excess) and 2.5 ml of osmic acid solution (1%) are added to 1 liter of water 
and then 20 g of crotonic acid is dissolved in this medium. The solution is kept at room tem¬ 
perature in the dark for an hour. Barium oxalate is separated by filtration. Again the filtrate 
from barium oxalate is extracted twice with 200 ml of benzene. The concentration of the 
water solution at reduced pressure results in a thin syrup. The syrup is dissolved in 1 liter of 
water and then, to remove all the volatile acids, the solution is distilled. The residue is dis¬ 
solved in 300 ml of water and the excess of barium chlorate is reduced by passing through 
sulfur dioxide gas. Thus, the barium sulfate formed is removed by filtration and the filtrate is 
concentrated at reduced pressure to two-thirds of its volume. Barium hydroxide and silver 
oxide are used to remove completely sulfuric and hydrochloric acids. 

The solution thus purified contains dihydroxy butyric acid and about 20% of 
chlorohydroxy butyric acid. After evaporation of the solvent and drying at 40°C/10mm for 
several hours, the residue (22 g) is crystallized from ethyl acetate 20 ml (yield 8.4 g) (m.p. 
73.5°C). 

The mother liquor is diluted with ethylacetate to 50 ml and then shaken with 50 ml of 
water. This solution is evaporated under reduced pressure and the residue is dried and 
crystallized from ethyl acetate (yield 2.0g) (m.p. 72.5). 

Thus the total yield is 10.4 g of white crystals (m.p. 73°C) (38%). Recrystallization gives 
9.4 g of ^//-dihydroxybutyric acid (m.p. 74-74.5°C). 

II. Gradual Addition of Chlorate during Oxidation. In the second method crotonic acid 
(20 g) is dissolved in 1 liter of water (which contains 5 ml of a 1% osmic acid solution). In 
this solution gradually 15.6 g of barium chlorate is added in three weeks in about 0.4 g lots 
on appearance of the brown color. Crotonic acid is completely oxidized in about four weeks. 
The reaction mixture is processed as discussed in (I). The yield of the oxidized product is 
24.9 g and dihydroxy butyric acid is 13.5 g (m.p. 72°C) (45%). 


4.4.2b. Oxidation of Crotonic Acid with OsOJPotassium Chlorate. In 1 liter of water 
5 ml of a 1 % osmic acid solution is mixed and then 20 g of crotonic acid is dissolved. In this 
medium potassium chlorate (12 g) is added gradually in about 0.5 g lots whenever the 
solution becomes brown. Decrease in the acidity (24%) is observed after four weeks when 
the oxidation is completed. Benzene is used to extract the solution and excess of potassium 
chlorate is reduced with sulfur dioxide gas. Barium hydroxide is used to precipitate the sul¬ 
furic acid as barium sulfate; potassium chloride remains in solution. The residue obtained 
after evaporation of water is dissolved into 20 ml of absolute alcohol and then about 600 ml 
of ethyl acetate is added until no more precipitation occurs. 

Precipitate. The precipitate is treated with 150 ml of hot absolute alcohol and 
potassium chloride is removed during hot filtration. White crystals (10,5 g) are obtained on 
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cooling. The filtrate contains traces of chlorohydroxybutyric acid (m.p. about 104-106°C). 
The product is recrystallized from absolute ethanol. 

In 400 ml of water 3 g of the double salt is dissolved and then 11 ml N sulfuric acid is 
added. The solution is then distilled to dryness at reduced pressure. The residue is dissolved 
in ethyl acetate in the usual manner. In two crops 2.0 g of crystals (74°C) of dl- 
dihydroxybutyric acid are obtained (60% theoretical). 

Ethyl Acetate Solution. A residue (14.8 g) is obtained by the removal of ethyl acetate 
at reduced pressure which results in 3.2 g crystals (m.p. 73°C) from ethyl acetate. 
Chlorohydroxy butyric acid (20%) is obtained from the mother liquor. 


4.4.2c. Oxidation of Crotonic Acid with Osmic Acid/Silver Chlorate. Crotonic acid 
(20 g) is dissolved in 1 liter of water containing 18.3 g of silver chlorate and 2.5 ml of a 1 % 
osmic acid solution. The reaction mixture is cooled at room temperature. The solution turns 
milky and silver chloride gets precipitated. 

A slight amount of bromine water is added to the sample after five days. A slight 
pressure in the flask develops at the end of the oxidation. The silver chloride is removed by 
filtration (silver oxalate is also obtained in small amounts). The filtrate is extracted with ben¬ 
zene and evaporated at reduced pressure. The crystals obtained are dissolved in water. After 
evaporation of the water the residue is treated with 100 ml absolute alcohol and the crystals 
are separated by filtration (4.5 g of silver salt of dihydroxy butyric acid). 

This salt (8 g) obtained from the 20 g of crotonic acid in different experiments is dis¬ 
solved in water and the calculated amount of hydrochloric acid is added. The residue (4.0 g 
of syrup) gives 3.1 g crystals (m.p. 74°C). 

Alcoholic Solution. At reduced pressure the alcoholic solution is evaporated, the 
residue is treated with ethyl acetate, and the solution is filtered. The filtrate is distilled to 
dryness. A pale yellow syrup (23 g) gives 12.8 g of crystals (m.p. 74°C) in two crops from 
ethyl acetate (total yield was 54% of the theoretical). The mother liquor contains about 5% 
of the crotonic and chlorohydroxy butyric acid. 

In other cases when the silver salt is not removed, the oxidation takes about two weeks, 
and when some more silver chlorate is used (20 g silver chlorate and 20 g crotonic acid), the 
yield of dihydroxv butyric acid increases to 60%. 


4.4.2d. Oxidation by Gradual Addition of Silver Chlorate. In this method again 20 g of 
crotonic acid is dissolved in 1 liter ice-water containing 10 ml of a 1% osmic acid solution. 
Crystallized silver chlorate (18 g) is added in four weeks keeping the solution in ice-water in 
the following manner. The oxidation in the beginning will be fast and only 0.5 g chlorate is 
added in the first instance. The milky solution obtained in a few minutes turns brown in 3 h. 
After this 1 g of chlorate in 0.5-g portions is added on every succeeding day for about two 
weeks. The oxidation becomes slower and 0.5 g chlorate is added when the solutions turns 
yellow. In the end the reaction mixture is left at room temperature for a number of days. 
When the solution remains colorless after addition of 18 g of chlorate this indicates that the 
substrate is completely oxidized. During this process the initial acidity remains the same and 
a trace of chlorinated compound is obtained. Silver chloride (13.15 g) is obtained after 
filtration and washing with dilute hydrochloric acid. A very small amount of oxalic acid also 
separates from the hydrochloric acid filtrate. 

The solvent is evaporated under reduced pressure and the excess of silver chlorate is 
reduced by sulfur dioxide in the usual manner. A colorless viscous syrup (26.7 g) is obtained. 
The yield of dihydroxybutyric acid crystallized from ethyl acetate in three crops is 23.05 g 
(m.p. 74°C) (about 82%). 

Recrystallization from 40 ml of ethyl acetate gives 20.8 g of pure material (m.p. 
74.5-75"C) and 2.7 g ofcrude substance (about 78%). Table IV represents the data on metal 
chlorates. 
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acetone//-BuOH, 4 months 



/-BuOH, 9 days, RT 
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TABLE IV. Osmium Tetroxide-Catalyzed m-Hydroxylation of Alkenes 
in the Presence of Metal Chlorates 


Substrate 


Product 


Yield 

(%) 


Conditions 


Reference 



HOOC COOH 


COtMr 


Ai-OjC'' 


COOH 


O 


ci- 


Br- 



rr OH 

76 

NaClOj, water, 11 h, 50-55°C 

117 

\/^OH 

46 

NaC10 3 , water, 9 h, 50°C 

124 

rY 0H 

30 

NaCIO j, acetic acid, water. 

112 

N—/''''OH 


1 -BuOH, dioxane, 74 h, 80°C 


HOOC COOH 




y~( 

98 

NaCIO,. water, 7-10 h, 40-50°C 

125 

HO OH 





COiMe 



84-88 NaCIO,, water RT 


ArOrC -' 'y' N OH 
OH 


OH 


COOH 38,° 83 AgClOj, water, 2 weeks. 0°C-RT 


COOH 


COOH 


OH 

Cc 

o 

HO OH 

)“( 

HOOC COOH 
OH 

a. i ^cooh 


OH 


OH 



78 Ba(C10,) 2 , water, 32 h 


75 Ba(CIOj) 2 , water 


70 Ba(C10j) 2 , water, 24 h 


50 NaCIO,, 4 h, diethyl ether/ 
dioxane/water 


X' 



122 


120 


50 NaCIO j, 54 h. RT, aqueous 1 NHC1 126 

49 NaClOj, 110 h, 50°C, aqueous 1 NHC1 127 


128 


129 


130 


131 


65 Ba(C10,) : , tetrahydrofuran/water, 10°C 123 


Catalytically oxidized with barium chlorate. 
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TABLE IV. Continued 


Substrate 


„COOH 


Pyromucic acid 



Yield 

Product (%) Conditions 



BafCIOj);, water. 3 days, 35°C 


NaClOj, water. 60 h, 50°C 


NaClOj, tetrahydrofuran, water 


Reference 


129 


127 


136 


4.4.3. Oxidation of Octene to Threo-4.5-dihydroxy Octane with OsO Jteri-Butyl 
Hydroperoxide 132-134 

A mixture containing acetone (200 ml), (E)-4-octene (11.2 g, 100mmol), 
Et 4 NOAc ■ 4H 2 0* (25 mmol), and 18 ml of 90% rm-butyl hydroperoxide is stirred at room 
temperature in a 1-liter Erlenmeyer flask stirrer, until the Et 4 NOAc is completely dissolved. 
The resulting solution is cooled in an ice bath, and then 10 ml (50 mg or 0.2 mmol Os0 4 ) 
solution of osmium tetroxide in /ert-butyl alcohol is added in one portion. The solution at 
once becomes brownish purple. After 1 h the reaction mixture is brought to room tem¬ 
perature and stirred overnight keeping the stopper loose. To the resulting mixture 400 ml of 
ether is added while stirring in an ice bath. Then 50 ml of freshly prepared 10% sodium 
bisulfite is added in one portion. The organic layer becomes colorless when brought to room 
temperature. After stirring for 1 h the aqueous layer is saturated with sodium chloride and 
the organic layer is separated and washed with brine. The combined aqueous layers are 
extracted twice with 10 ml of ether and dried on evaporation of the solvent. The residue (an 
oil) is distilled, resulting in 11.8 g (81 %) of threo-4,5-dihydroxyoctane. The results are listed 
in Table V. 

4.4.4. Oxidation of Cyclohexene to cis-Cyclohexane-l,2-diol with Os0 4 /N-Methyl 
Morpholine 136-139 N-Oxide 

V-methyl morpholine-A/-oxide (18.2 g), 50 ml water, 20 ml acetone and 0.8 g osmium 
tetroxide in 8 ml terf-butyl alcohol is mixed and then 10.1ml (10 ml mol) distilled 
cyclohexene is added. The reaction mixture is maintained at room temperature and stirred 
overnight under nitrogen. Sodium hydrosulfite (1 g), magnesium silicate (12 g), and 80 ml of 
water are added and then the Mg silicate is filtered. Sulfuric acid (1 N) is used to neutralize 
the filtrate to pH 7. The acetone is evaporated under vacuum and the pH is adjusted to 2. 
The solution is saturated with sodium chloride and extracted with ethyl acetate. The aqueous 
phase is concentrated by azeotropic distillation with V-butanol and further extracted with 


Et 4 NOAc can be generated in situ from Et 4 NCl and anhydrous NaOAc in acetone. 
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TABLE V. Osmium Tetroxide Catalyzed cfs-Hydroxylation of Alkenes 
in the Presence of /m-Butyl Hydroperoxide 


Substrate 




, OH 


COOEt 


Product Yield (%) Conditions 



62 /-BuOH/ET„NOH 


52,45, 51 Acetone/ET 4 NOH 


73 /-BuOH/ET 4 NOH 


OH 


OH 


OH 


HO 


HO 



OH 


81,78,74 Acetone/ET 4 NO Ac 

61 /-BuOH/ETjNOH 

63 /-BuOH/ET 4 NOH 

72 f-BuOH/ET 4 NOH 



Reference 


132 


133 


132 


133 

132 

132 

132 

135 

135 

134 


132 


130 


132 


ethyl acetate. The combined ethyl acetate layers are dried and evaporated yielding 11.2 g of a 
crystalline solid (96.6%). After recrystallization from ether 10.6 g (91%) cis- 1.2-cyclohexene 
diol (m.p. 95-97°C) is obtained. The detailed results are given in Table VI. 

4.4.5. Oxidation of Cyclohexene to Adipaldehvde with OsOJSodium Periodate 

To a mixture containing ether (15 ml), water (15 ml), cyclohexene (0.405 g), and 
osmium tetroxide (65.4 mg) finely powdered sodium metaperiodate 140-141 (2.32 g) is 
gradually added in 40 min under stirring. During the reaction period the temperature is 
maintained at 24-26' C. After 80 min the initially dark reaction mixture changes to pale 
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yellow and a considerable amount of sodium iodate separates. The mixture is extracted 
thoroughly with diethyl acetate. The combined organic layer is filtered through a small 
amount of sodium sulfate. The solution is then treated with 2.4-dinitrophenyl hydrazine 
(2.5 g) and 5 drops of concentrate hydrochloric acid. After 1 h the immediately precipitated 
yellow product is separated and washed with ethyl acetate and ether (1.81 g) (77% yield). 
Adipaldehyde bis-2,4-dinitro-phenyl hydrazone is obtained as yellow needles after repeated 
recrystallization of the sample by nitromethane. 

Similar procedures can be used with other alkenes. only other solvent systems may be 
needed. The data obtained with various alkenes are given in Table VII. 


TABLE VII. Osmium Tetroxide-Catalyzed Oxidation of Alkenes 
in the Presence of Sodium Periodate 


Substrate 


Yield 

Product (%) Conditions Reference 
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4.5. Oxidation of Alkenes by Imido Reagent 169 174 178 

4.5.1. Preparation of Tert-Butyl Imido/Osmium Reagent. 

In the preparation of rm-butyl-imido reagent (46a), 10.0 g (39.4 mmol) osmium 
tetroxide and 50 ml olefin free pentane are stirred in a 200-ml flask, till most of the osmium 
tetroxide dissolves. Then 4.2 g (39.5 mmol) rm-butylamine is added. The contents start to 
boil owing to the rapid exothermic reaction and a large mass of red-orange crystals settle at 
the bottom of the flask. The solvent is removed under reduced pressure after stirring the 
mixture for 30 min. Care must be taken because the solid is volatile and hence the vacuum 
should be maintained for only a small interval of time. At room temperature the content is 
kept up to 16 h in the dark (overnight). A yellow solid (91%) is obtained (/-butylimidt)- 
0s0 3 ). 

A similar procedure is adopted for the preparation of 1-adamantyiimido (46b) and 2- 
methyi-2-butyl-imido (46c) with the following amount of solvents and reagents: 1-admantyl- 
imido, 6.0 g (23.6 ml) OsO„, 15 ml olefin free methylene chloride, 3.57 g (23.6 mmol) 
admantyl amine, in 75 ml methylene chloride, 30 ml pentane, time 6 h, yield 91% (yellow 
solid); 2-methyl-2-butyl imido (46c), 5.0 g (19.6 mmol) Os0 4 , 20 ml olefin free pentane, 
2.30 ml (19.6 mmol) rm-amylamine, time 18 h, yield 87% (yellow solid). 


4.5.2. Oxyamination of Olefins—General Procedure 

One equivalent of olefin is stirred with a catalytic amount of tri-oxo (alkylimido) 
osmium(VIII) 0.1 M solution in olefin free methylene chloride or pyridine. The reaction 
mixture becomes dark at rates depending on the olefin. The reaction mixture is kept in the 
dark for 12 h to 2 days depending on the olefin. The cleavage of the resulted osmate ester is 
carried out by one of the following methods. 

4.5.2a. Bi-sulfite Method. To each millimole of osmate ester, 10 ml of pyridine and a 
solution of 0.5 g of sodium bisulfite in 8 ml of water are added. The reaction mixture is kept 
for at least 12 h at room temperature while stirring. Sometimes when the reaction is slow a 
better result might be obtained at 60-80°C. The aminoalcohol product derived from the 
olefin is extracted with 40 ml of chloroform per millimole of osmate ester and then twice with 
12 ml of chloroform. Table VIII gives the comparative yields. 

4.5.2b. Lithium Aluminum Hydride Method. The brownish-black osmate ester is dis¬ 
solved in anhydrous ether and cooled in an ice bath under nitrogen. Ten equivalents of 
LiAlH 4 are added to 25 ml mmol of osmate ester while stirring. The reaction mixture is 
processed according to the following procedures. For every gram of LiAIH 4 , an equal 
amount of water is slowly added to the reaction mixture. To the above solution again the 
same amount of 15% aqueous sodium hydroxide is added slowly, followed by three times 
this amount of water. In order to get the maximum yield the whole mass is stirred at least for 
12 h; thereafter the mixture is filtered. The residue of osmium and aluminum salts is washed 
with anhydrous ether. Table VIII indicates the yield. 


4.6. Oxidation of Alkenes by Os0 4 /Chloramine-T 
4.6.1. Phase Transfer Method iSChiii 

One millimole of olefin, 5 ml chloroform, 0.50 ml (0.01 mmol) of osmium tetroxide, 
352 mg (1.25 mmol) chloramine-T trihydrate, 11.4 mg (0.05 mmol) of benzyl triethyl 
ammonium chloride, and 5 ml of distilled water are kept in a 25-ml one-neck round-bot¬ 
tomed flask, equipped with magnetic stirrer and a reflux condenser. The whole mixture is 



682 


Hari Shankar Singh 


TABLE VIII. Amino Alcohols from Alkylimidoosmium Compounds 


Percent yield 


Olefins 

Product (amino alcohol) 

Diol 

Amino 

alcohol 

Cyclohexene 

cis- 2-( /m-Butylammo) cyclohexanol 

— 

85“ 

Cyclohexene 

cis-2-l 1-Admantylamino) cyclohexanol 

— 

79“ 

1-Phenyl cyclo¬ 

2-(/err-Butyiamino I-1 -phenyl 

8 

65“ 

hexene 

cyclohexanol 



1-Methyl cycio- 

2-( /er/-Butylamino)-1 -methyl 

— 

66" 

pentene 

cyclopentanol 



1 -Decene 

n-C g H, 7 (OH)CHCH,NH(/-Bu) 

6 

63* 



<1 

89“ 

Styrene 

C 6 H 5 CHOHCH,NH(/-Bu) 

Trace 

37* 

a-Methylstyrene 

Ph(Me)C(OH)CH,NH(/-Bu) 

< 1 

93* 

a-Methylstyrene 

Ph(Me)C(OH)CH ; NH(l-admantyl) 

<1 

62* 

l-Phenyi-2-methyl 

PhCHNH(/-Bu)C(OH)Me, 

0 

88“ 

propene 




2-Methyl-l- 

n-C, | H;j( Me)C(OH )CH,NH(/-Bu) 

< 1 

OC 

K> 

> 

tridecene 





“ In pyridine. 
* In CH.CI,. 


heated in an oil bath at 55-60°C. The mixture is constantly stirred and the progress of the 
reaction is tested by the disappearance of olefins with TLC or GLC. When the reaction is 
completed, sodium bisulfite (104 mg or 1 mmol) is added and the mixture is refluxed for 
3-6 h to effect the reductive cleavage of the trace of osmate esters. After reduction is com¬ 
pleted two phases separated. The flask and separatory funnel are washed with 10 ml of 
chloroform. The combined organic phase is washed with saturated brine solution containing 
1% sodium hydroxide till the TsNH ; is extracted, usually once or twice. A clear yellow 
solution is obtained by treating again with saturated brine and drying with MgS0 4 . Crude 
/?-hydroxy-p-toluene sulfonamide is obtained on concentration. The crude product is purified 
by crystallization. 

Procedure A has also been performed without difficulty on a 1 mol scale. For con¬ 
venience. the large-scale reactions are performed five times more concentrated (with respect 
to both CHC1, and H 2 0 phases and 0s0 4 catalyst solution). Thus, cyclohexane 82.2 g 
(1 mole) resulted in 205 g (76%) pure oxyaminated product. In this case the product derived 
from cyclohexene is crystalline and begins to crystallize if the chloroform phase is allowed to 
cool. Hence phases are separated while the solution is slightly hot. This problem does not 
arise in the dilute procedure. The results are given in Tables IX and X. 


4.6.2. Tert-Butyl Alcohol Method 

The olefin (1 mmol), 5 ml of tert ~butyl alcohol, 0.50 ml (0.01 mmol) of osmium 
tetroxide catalyst solution, and 352 mg (1.25 mmol) of chloramine-T trihydrate are stirred in 
a 10-ml one neck round-bottomed flask at 55-60°C. Chloramine-T is only slightly soluble 
under these conditions. Olefin consumption is tested by TLC or GLC. When all olefin has 
reacted, 11.1 mg (0.03 mmol) of sodium borohydride is added with constant stirring for 1 h 
at room temperature. The reaction mixture is concentrated (rotary evaporator) to remove 
solvent ferr-butyl alcohol. The residue is extracted with 20 ml of methylene chloride. The 
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resulting solution is washed with saturated brine containing 1 % sodium hydroxide until the 
whole of TsNH : is extracted (usually once or twice) and once with saturated brine and dried 
(over MgS0 4 ) to result in a clear yellow solution. Crude /J-hydroxy-p-toluene-sulfonamide is 
obtained after concentrating the solution. The crystallization results in the purification of the 
crude product. 

This procedure has also been performed with 1 mole at five times the concentration 
described above for the 1 mmol experiments. In this case the problem of crystallization as it 
was observed in procedure A does not arise. The pure oxyamination product 198 g (65%) 
was obtained from 118.2 g (1 mole) of a-methylstyrene. The detailed results are given in 
Tables IX and X. 


4.7. Oxidation of Alkenes by Os0 4 /A-chloro-A r -argento Carbamates 181 ' 182 ' 187 

A'-chlorosodiocarbamate 1,5 mmol, 0.51 g (3 mmol) silver nitrate, and 10 ml of reagent 
grade acetonitrile are mixed in a 25-ml round-bottomed vessel. A slightly yellow suspension 
results at room temperature after stirring the mixture for more than five minutes. 81 ml 
(4.5 mmol) of water, 1 mmol of olefin, and 2.54 mg (0.01 mmol) of osmium tetroxide in tert- 
butyl alcohol are added to the yellow suspension. The brown milky suspension is stirred for 
several hours at room temperature (depending upon the olefin consumption). The presence 
of olefin is tested by TLC or GLC. In order to precipitate the remaining silver ion, 0.25 ml 
(1.5 mmol) of saturated sodium chloride solution is added and the solid sodium chloride is 
removed by filtration. The filtrate, thus obtained, is refluxed with 4 ml of 2.5% aqueous 
sodium bisulfite for 3-6 h. The final mixture, thus obtained, is concentrated and the aqueous 
residue is extracted with three 10-ml portions of methylene chloride. The organic phase is 


TABLE IX. Osmium Tetroxide-Catalyzed Oxidation of Alkenes by Chloramine-T 




Yield 

Reaction 

Substrate 

Product 

(%) 

m.p. (°C) time(h) 


1-Decene 


Cyclohexene 


E-Stibene 


2-MethyI-2-hexene 


2-Methyl-2-hepten-6 

ethyleneketal 


x-Methylstyrene 
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Substrate 

Product 

Yield 

<%) 

Experimental conditions 


cc° 

100 

Acetone, RT 


cc OH 

97 

Liquid ammonia, sodium, 1 h 


a: 


cc 

a ov 

NH 

a: 

d:> 


iOAc 

NHTs 

OMs 

NHTs 

OSiMei 

NHTs 


a. 


Ts 

*OH CN 


100 Acetic anhydride, ethyiacetate. 5 h 


98 Triethlamine in THF, methanesulfonyl 
chloride, 1 h, 0-20°C 


100 Hexamethyldisilazane in THF, 
15 h, RT 


95 Formaldehyde in HC1 and ethanol, 
1 h, refluxed 


75 Dioxane, KOH, acrylonitrile, 5 h, 
refluxed 


^OH, 

CC CC/ 


98 Allylbromide, K 2 C0 3 , refluxed 
in acetone, 15 h 


a; 


87 Potassium leri-butoxide, methyl 
iodide. 70°C, 15 h 


93 THF triethylamine, methanesulfonyl 
chloride, 0“C 


^NHTs 

•OH 


jyj j s 90 THF, triethylamine, methanesulfonyl 

chloride, 0°C 
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dried with MgS0 4 and crude hydroxy carbamate results after concentration. The 
regioisomers are separated by silica gel chromatography. The crude product is purified by 
recrystallization. The results obtained with various metals are given in Table XI. 


4.8. Oxidation of Alkynes 81 


4.8.1. Preparation of Osmium Tetroxide-Amine Adducts 

Osmium tetroxide (1 g) is added in an aqueous solution or emulsion of amine. The 
solution is stirred for five minutes and the yellow or orange product is filtered off. Good 
yields (70%-90%) are obtained on washing with water and drying in vacuo. With 
hexamethylene tetramine (C 6 H 12 N 4 ) and quinuclidine crystalline products are obtained 
from carbon tetrachloride as bright red needles and platelets, respectively. 

4.8.1a. Osmium (VI) Esters from Alkynes. A solution of diphenyl-acetylene (0.13 g) in 
ether or THF is added dropwise to the solution of 0s0 4 -C 5 H 5 N (0.5 g) in ether or 
tetrahydrofuran (THF) with constant stirring. A brown product (45%) is filtered after 
5 min, washed with ether, and dried in vacuum. 

A similar procedure is adopted with isoquinoline. 

4.8.1b. Hydrolysis of the Complex Os 2 O i (O i C l4 H lo )(NC i H s ) 4 to Benzil. The com¬ 
plex (0.6 g) and ethanol are mixed with a solution of sodium sulfite (1 g) acidified with HC1 
to pH 7.3. The liquid is allowed to cool after refluxing for 3 h. The precipitate of the osmium 
complex is filtered and the filtrate is continuously extracted with ether. The extract is dried 
over MgS0 4 , evaporated in vacuo , and benzil is obtained in 65% yield. 


4.8.2. Catalytic Oxidation of Diphenylacetylene 

To osmium tetroxide (0.05 g) and 1.5 g of potassium chlorate a solution of 0.67 g 
diphenylacetylene in /m-butyi alcohol (10 ml), acetone (10 ml) and water (3 ml) is added 
while stirring. The reaction mixture is cooled after refluxing at 56°C for 24 h and extracted 
with ether (3 x 20 ml). Pure benzil (79%) is obtained by the usual working up procedure. In 
Table XII some of the hydrolysis products are listed. 


4.9. Oxidation of Dienes 

In the case of dienes 80,81 all experiments are performed in a dry nitrogen atmosphere 
since the products are hydroscopic. 


TABLE XI. Reactivity of Styrene with Different 
Ethyl A'-chloro-A’-metallocarbamates 



Reaction 

Metallic salts 

time (h) 

Zn(NOj) 2 , ZnCl 2 , CdCI 2 

10-20 

Cu(OAc) 2 , Cd(OAc) 2 , Zn(OAc) 2 , 

5-10 

Cd(N0 3 ) 2 , AgNOj 


Hg(OAc) 2 , HgCl 2 , Hg(NOj) 2 

<2 
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TABLE XII. Hydrolysis Product of Oxo-osmium (VI) Esters of Alkynes 


Substrate 

Product 

Yield (%) 

Oxo-osmium (VI) ester 

Phenylacetylene 

Benzoic acid 

58 

0s 2 0 4 (0 4 C 8 H (> )(NC ! H 5 ) 4 

Diphenylacetyiene 

Benzil 

64 

0s 2 0 4 (0 4 C I4 H 10 MNC 5 H 5)4 

Methyl-phenyiacetyiene 

1-Phenyl- 
propane- 1 , 2 - 
dione 

55 

0s 2 0 4 (0 4 C,H 8 )(NC,H 5 ) 4 


4.9.1. Preparation of OsO J Pyridine Complexes 0s 2 0 4 (0 4 R)L 4 

Osmium tetroxide (0.3 g) in ether (!0 ml) containing 0.25 g pyridine is added dropwise 
to 0.05 g 2,3-dimethyl-buta-1,3-diene while stirring. A brown precipitate is filtered after 
5 min and washed with ether. The pure product (60%) is obtained by recrystallizing from 
dichloromethane and ether. 

A similar procedure is adopted to prepare the isoquinoline complexes by taking 0.4 g 
Os0 4 , ether (10 ml), isoquinoline (0.5 g), and cyclo-octa- 1,5-diene (0.08 g) in ether (5 ml). 
The yield of the pure product is 65%. 

Hydrolysis of the Complex trans-Os0 2 (0 2 C g H l2 )(NC i H i ) 2 to Cyclooctene-5,6- 
diol. To a solution of K : S0 3 (2 g) in 40 ml water and 5 ml ethanol 1.9 g of the complex is 
added. The whole mixture is heated under reflux for 2 h and then allowed to cool. The 
osmium gets precipitated and is filtered off. The product is extracted from the filtrate with 
ether and dried over MgS0 4 . Evaporation in vacuo results in cis-cyclooctene-5,6-diol in 76% 
yield. 


4.10. Oxidation of Quinones 

The hydroxylation of quinones 114 is carried out in the following way. Sodium chlorate 
(20.0 g) in solvents like water, tetrahydrofuran (THF), water-dioxane, or acetic and a 1.3-mI 
solution of 1 % osmium tetroxide are mixed. The solution is added drop by drop to the 0.1- 
mol solution of quinone maintained at 25°C. After 4-75 h (depending upon the quinone 
taken), the product is extracted in petroleum ether. Crystallization results in pure hydroxy 
quinone. 


4.11. Oxidation of Steroids 89 90 192 - 203 

Osmium tetroxide (1.05 mol) is added to a solution of 2.5% cholest-4-ene (1 mole in 
pyridine), the whole content is kept for 48 h at 25°C, and then an aqueous sodium disulfite 
10% (5 mol) is added to the mixture. The resulting mass is stirred for 1 h and then extracted 
with benzene or chloroform. The combined extracts are washed with aqueous sodium 
chloride and dried. 

On 150 g silica gel, 1.45 g of the hydroxylation product of cholest-4-ene is adsorbed and 
eluted with ethylacetate-benzene (1:1), resulting in 0.339 g of 4a,5a-diol. Further elution in 
the same solvent gives 1.076 g of 4/j,5/S-diol. 


4.12. Oxidation of Pyrane 41 

c«-2,5-dimethoxy-5,6-dihydro-2H-pyren (0.563 g, 3.9 mmol) dissolved in 9 ml of 
pyridine is added in 4 ml of dry pyridine containing 1.0 g (3.39 mmol) osmium tetroxide at 
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room temperature. The solution is stirred for 20 h at the same temperature. The whole mass 
is treated with the solution of sodium bisulfite (l.Og) dissolved in 20 ml of pyridine and 
30 ml of water. It is then stirred for an additional 4 h. Methylene chloride (6 x 25 ml) is used 
to extract the orange solution. Potassium carbonate is used to dry the extract. Distillation at 
70°C and 0.05 mm pressure results in 0.51 g (73%) methyl-4-O-methyl-a-DL-lyxopyranoside 
as a colorless syrup. 

A similar procedure has been followed for the preparation of methyl-4-deoxy-/i-DL- 
erythro-pento-pyranoside. with the difference that after decomposition of the osmate ester 
the solution is extracted continuously with methylene chloride. The distillation results in a 
viscous liquid (93%) of the above compound. 


4.13. Synthesis of a /J-Keto Aldehyde 226-228 ( 69) from a /?, y-Unsaturated Ketone (68) 

4-Hydroxy-7-(4-oxo-l-cyclo-hexenyl) heptanoic acid y-lactone (68) is used by dissolving 
0.5 g (2.25 mmol) in 10 ml of dioxene. It is added to 1.0 g of osmium tetroxide in 10 ml of 
dioxane. The whole content is stirred for 20 h and then hydrogen sulfide is bubbled for 
40 min. Celite is added and the resulting mixture is filtered. The filter cake is washed with 
ethanol under reduced pressure and the combined filtrate and washings are distilled to 
dryness to afford an oil 0.5 g (83%) of the corresponding diastereoisomeric mixture of diols. 

The diol mixture 0.10 g (0.7 mmol) is dissolved in 2 ml of methanol and 0.1ml of 
pyridine and added to 0.19 g of periodic acid in 0.8 ml of water. At room temperature the 
whole mass is stirred for 15 min and then diluted with water followed by extraction with 
methylene chloride. The extract is successively washed with water, dried over sodium sulfate, 
and distilled to dryness under reduced pressure. A tautomeric mixture of 69 and 70 is 
obtained in 78% yield. 


4.14. Synthesis of 73, Methyl-7-(2-hydroxy-5-oxo-l-pyroridinyl) Heptonoate from 75 or 

76 23 °- 2 3 2 

Osmium tetroxide (0.001 g) is added to a stirred solution of amides 75 or 76 (1.95 g, 
4.29 mmol) in 40 ml dioxane and 13 ml water. After 10 min the color of the solution turns 
brownish and then sodium metaperiodate (2.06 g, 9.2 mmol) is added, keeping the tem¬ 
perature of the solution 25°-26‘ > C. The whole reaction mixture is stirred for 3 h at the same 
temperature. The precipitated solid is filtered and the filtrate is evaporated in vacuo 
(ImmHg). The residue is dissolved in 15 ml of CHC1 3 , dried, and evaporated in vacuo 
resulting in 91 % yield of 73. 

A similar experimental procedure is followed for the synthesis of 72, methyl-7-methyl-7- 
(2-formyl-5-oxo-l-pyroridinyl) heptanoate by taking 0.58 g (1.76 mmol) of 77. The crude 
reaction mixture is subjected to chromatography over silica gel and elution with ether 
(Et 2 0), then with methanol resulting in 77% aldehydo ester 72. 


4.15. Synthesis of 80. (l'Rs,2'Rs)-8-oxo-3 endo-(r,2'-dihydroxyheptyl)tricyclo-4.3.0.0- 

nonane 233-235 from 79 

In the synthesis of 80 a solution of 5.93 g (25.52 mmol) of 79, 8-oxo-3-endo(c«-l- 
hepenyl)tricyclo-4.3.0.0.-nonane, 75 ml of acetone, 5 ml of water, 3.12 ml solution of osmium 
tetroxide in /m-butyl alcohol (30 mg/ml), and 3.98 g (20.98 mmol) of A-methyl- 
morpholine 136 oxide dihydrate is stirred up to 2h at room temperature. Again 4.0 g of 
sodium bisulfite is dissolved in 20 ml of water and then added in the above solution. The 
whole content is stirred for 30 min, then diluted with brine and extracted with ethyl acetate. 
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The extract is washed with brine and dried over sodium sulfate. 7.15 g of crude 80 is obtained 
as an oil after concentrating the extract in vacuo. 

For purification the following process was adopted. A 48 mm x 36 in. column was slurry 
packed with 300 g of silica gel in 20% acetone in methylene chloride. The sample was 
applied in methylene chloride and eluted with 20% acetone in methylene chloride. The frac¬ 
tions, 50 ml each, were combined to yield 6.71 g (99%) of pure 80 , a very viscous colorless 
oil. 


4.16. Synthesis of “K-Region” Diepoxide (86) 

In the synthesis of “K-region” diepoxide, 4,5:1 l,12-diepoxy-4,5,11,12-tetrahydrobenzo- 
(a)-pyrene (86), 2g (2 mmol) of osmium tetroxide dissolved in 15 ml of freshly distilled dry 
pyridine is added to a solution of BaP 1.0 g (1 mmol) in 25 ml of pyridine. The dark-brown 
solution thus obtained is stirred for 12 days under nitrogen. Then an additional 0.35 g of 
osmium tetroxide is added and again stirred for another 4 days. Sodium bisulfite (4 g) in 
60 ml of water is then added to the reaction mixture and stirred for 4 h. CH 2 C1 2 (500 ml) is 
used to extract the resulting mixture several times. The organic layer is then washed with 
water and evaporated under reduced pressure to remove CH 2 C1 2 and pyridine. The residue, 
when treated with 75 ml of CH 2 C1 2 , results in 0.87 of a reddish solid after filtration. The red¬ 
dish solid (0.2 g) is then refluxed with 30 mi of CH 2 C1 2 and filtered. Repeated crystallization 
of the residue from THF and hexene results in 0.05 g of 87 . 

A solution of tetrol (0.32 g) 87 in 100 ml of 1:1 benzene/pyridine is stirred with 
Pb(OAc) 4 (l.Og) for 4 h at room temperature. Water (50 ml) is added and the solution is 
extracted with 250 ml of CH 2 C1 2 . The extract is dried and evaporated to remove all the 
solvents. Creamy-white flakes (0.22 g) 89 are obtained by treating the above extract with 
CH 2 C1 ,/hexane (4.1). 

Tetraldehyde (0.15 g) 89 in 8 ml of dry benzene is refluxed with 0.5 ml of freshly distilled 
tris-(di-methyI-amino)-phosphine for 1 h. The brown solution thus obtained is concentrated 
to 4 ml by flushing with nitrogen. Greenish-yellow crystals were deposited on addition of a 
few drops of hexane. The diepoxide 85 (0.015 g, 11.2%) is recrystallized by a dioxane-hexane 
mixture as tiny pale-yellow needles. 
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Thallium(III) Salts as Oxidants 
in Organic Synthesis 

Alexander McKillop and Edward C. Taylor 


1. INTRODUCTION 

Only thallium and indium of the group IIIB elements are known to exist as the monovalent 
ions under normal conditions. By contrast with indium(I) salts, however, which are very 
readily oxidized to the trivalent state and the chemistry of which is not at all well developed, 
thallium!I) salts are stable. Indeed, it has been accurately stated that “... for thallium the 
Tl'-Tl 111 relationship is a dominant feature of the chemistry.” 1 This is certainly true with 
respect to the utility of Tl(III) as an oxidant in organic chemistry. The reduction potential E° 
for Tl 3 + + 2e — T1 + in aqueous solution under standard conditions is + 1.25 V, 2 but clearly 
more powerfully oxidizing Tl(III) species can be obtained by variation in the anion 
associated with the metal and by appropriate choice of reaction conditions. In the terms of 
the organic chemists, the thermodynamically favorable reduction of Tl(III) to T1(I) is one of 
the most important “driving forces” in thallium! Ill )-mediated oxidations. 

Thallium is one of the post-transition, heavy metal elements and is flanked by mercury 
and lead. Not surprisingly, therefore, certain aspects of the chemistry of thallium are more or 
less closely related to aspects of the chemistry of both mercury and lead, for example, 
oxymetallation and electrophilic aromatic metallation reactions. Moreover, Hg 2 + , Tl 3 + , and 
Pb 4+ are isoelectronic and Tl 3 + is a more powerful oxidant than Hg 2+ but a less powerful 
oxidant than Pb 4+ . By contrast with Pb 4+ , especially in the form of lead(IV) acetate, 
however, Tl 3+ was virtually uninvestigated as a potential oxidant for organic substrates 
prior to 1970. That situation has changed dramatically during the last ten years. 
Thallium!Ill) salts are now widely utilized for a wide range of oxidations, many of which, for 
all practical purposes, are both unique to the element and the methods of choice for the 
given transformations. Many of these reactions proceed via formation of organothallium 
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intermediates, most of which are very unstable, while others almost certainly proceed via for¬ 
mation of O-Tl, S-Tl, and N-TI bonds. That is. a discrete chemical intermediate is formed 
which contains thallium, and which subsequently undergoes decomposition with con¬ 
comitant reduction of thalliumfIII) to thallium! I). In yet other cases, however, no direct 
bond formation to thallium is involved: instead, the essential function of the thallium(III) is 
as an electron acceptor. In such cases, the very unstable thallium(II) ions which are formed 
presumably undergo rapid disproportionation to thallium(I) and thallium(III) ions. 

So far. there has been relatively little detailed kinetic and mechanistic investigation of 
thaliiumdll (-induced oxidations of organic substrates. Plausible “curly arrow” reaction 
pathways have been advanced for the majority of oxidation reactions, and some kinetic, 
mechanistic and stereochemical evidence has been cited in support of some of them. In 
general, however, the mechanisms suggested in this chapter for individual reactions are 
speculative. Even so, it is now evident that, in terms of mechanism, studies during the last 
few years have clearly demonstrated that oxidation by thallium(III) is in certain instances at 
least much more complex than had been generally appreciated. In the early 1970s. oxidation 
by thallium(III) was tacitly assumed to proceed by two-electron transfer mechanisms, and 
such mechanisms may very well be operative in many cases. In 1973, however, Elson and 
Kochi reported that treatment of certain alkyl substituted aromatics with thallium(III) 
trifluoroacetate (TTFA) resulted in the formation of radical cations via a one-electron trans¬ 
fer process. 3 Similar observations had been made at approximately the same time by the 
present authors, who subsequently described in 1977 a very useful method for the 
preparation of a wide range of symmetrical biaryls based on the ease with which electron rich 
aromatic substrates could transfer a single electron to thallium(III). 14 ' ThalliumdID-induced 
electron transfer reactions have been extended considerably during the last few years and are 
currently the subject of much interest and research effort. 

Because of the often complicated nature of thallium oxidations it is not easy to classify 
the reactions clearly in terms of substrate and product classes. Therefore, the individual 
oxidation reactions described in the following discussion have been grouped under three 
general headings, viz., (1) one-electron transfer oxidations, (2) two-electron oxidations, and 
(3) oxidations of uncertain mechanism. Reaction types have been indicated within each 
category. Assignment of a particular transformation to a given category is obviously based 
solely on currently available evidence, and, in view of the dearth of detailed mechanistic 
evidence, it is quite probable that some reassignments will be necessary in the near future as 
a consequence of detailed physical organic study of individual reactions. Reactions discussed 
under heading (3) are either (a) those for which no mechanism was postulated by the 
original investigators, but for which a plausible mechanism can be drawn: or (b) those which 
can equally well be explained on the basis of a one-or two-electron transfer process; or (c) 
those for which no obvious and/or plausible mechanism can as yet be advanced. 


2. SCOPE AND LIMITATIONS 


2.1. One-Electron Transfer Reactions 

There is considerable current interest in methods both for the generation of aromatic 
radical cations and for exploitation and utilization of these highly reactive species in organic 
synthesis. Generation of aromatic radical cations is normally carried out most conveniently 
using one of two general procedures, namely, anodic oxidation or reaction of an aromatic 
substrate with a metal salt which can function as a one-electron acceptor, such as Fe(III), 
Co(III), Ce(IV), etc. It is now known that Tl(III), especially in the form of TTFA, can 
function highly efficiently as a one-electron acceptor. 
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2.1.1. Dehydrodimerization of Aromatic Compounds 

Reaction of a wide variety of aromatic substrates with TTFA results in formation of 
arylthallium di(trifluoroacetates), the products of formal electrophilic aromatic thallation 
[Eq. (1)], and this area of organothallium chemistry has recently been comprehensively 

ArH + Tl(OCOCF 3 ) 3 -► ArTl(OCOCF 3 ) 2 (1) 

reviewed. 5 Reaction of electron-rich aromatic substrates with TTFA, on the other hand, does 
not result in thallation but leads to intermolecular oxidative dehydrodimerisation and for¬ 
mation of biaryls in good to excellent yield. 4 ' 6 The postulated mechanism is outlined in 
Scheme 1. That is, the initial step is one-electron transfer from the electron-rich aromatic 
substrate 1 to thallium!Ill), which results in generation of an aromatic radical cation 2: elec¬ 
trophilic substitution of the aromatic substrate 1 by 2 then gives 3, oxidative aromatization 
of which gives the biaryl 4. 

This very simple synthesis of symmetrical biaryls has been examined in some detail and 
the scope and limitations largely defined. 6 Typical yield data are indicated for compounds 
5-17, where the arrow indicates the position of coupling; note that the reactions are com¬ 
pletely regiospecific and that 2,2',6,6'-tetrasubstituted biaryls can readily be prepared in high 
yield. These oxidations are very rapid—a few seconds to a few minutes at room temperature 
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15 X = CH 3 0, Y = CH 3 , 92% 
16X = CH 3 , Y = C1, 82% 

17 X = CH 3 0, Y = Br, 80% 
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or below in most cases-—and isolation and purification of products is extremely simple. A 
variety of solvents can be used, such as trifluoroacetic acid, carbon tetrachloride, methylene 
chloride, or acetonitrile, although with the last three a catalytic amount of boron trifluoride 
etherate apparently must also be used. 

In keeping with the proposed mechanism (Scheme 1), aromatic substrates which contain 
powerful electron-withdrawing groups (CN, COOR, NO ; ) fail to react with TTFA to give 
biaryls. The TTFA method, therefore, is complementary to the classical Ulimann biaryl syn¬ 
thesis, which usually gives satisfactory yields only when the aromatic halides contain power¬ 
ful electron-withdrawing groups and is normally an inefficient reaction for the preparation of 
binaphthyls. Consequently, the TTFA method is particularly suitable for the synthesis of 
natural products. The biaryl subunit, usually containing hydroxy or alkoxy substituents, 
occurs very commonly in a wide range of natural products, especially the alkaloids, and a 
key step in total synthesis is frequently a biaryl forming reaction. Phenol oxidative coupling 
has of course been very widely applied in natural product synthesis, but in practice yields are 
often very poor and complex mixtures of products are by no means uncommon. Attempts to 
overcome these deficiencies and limitations during the last decade or so have led to con¬ 
siderable improvements in certain biaryl forming reactions, especially the use of 
vanadium!V) reagents popularized by Kupchan and his co-workers for Scholl-type 
reactions. 7 

2.1.2. Intramolecular Cyclizations 

Recent studies have established that TTFA is most probably at least as efficient a 
reagent as, and certainly more selective than, say. vanadium oxytrifluoride for intramolecular 
nonphenolic oxidative couplings. 8 Thus, treatment of 1.3-bis-(3,4-dimethoxyphenyl)propane 
(18a) with TTFA in carbon tetrachloride containing a catalytic amount of boron trifluoride 
etherate results in smooth oxidative coupling to give the bridged biphenyl 19a in 81% yield. 
Oxidation of 18b—18d gives 19b-19d in yields of 80%, 43%, and 58%, respectively, and all of 



18 (a) X = H,, Z = CH, 19 

(b) X = H,, Z = O 

(c) X = H,, Z = NCH 3 

(d) X = O, Z = NCH 3 

these reactions are believed to proceed via radical cation formation followed by direct 
intramolecular electrophilic aromatic substitution. Aporphine and homoaporphine alkaloids 
can be readily prepared using the same general approach. Thus, ocoteine (21), S-methoxy-fV- 
acetylnornantenine (23), neolitsine (24), kreysigine (26a), and O-methylkreysigine (26b) have 
been synthesized as outlined in Eq. (2)—(5). Note that in the case of kreysigine the benzyl 
ether protecting group is conveniently cleaved under the reaction conditions. In these reac¬ 
tions the first step is again believed to be electron transfer and radical cation formation 
(Scheme 2). However, the question of direct versus bridgehead coupling (followed by 
rearrangement) of 27 to give 28 has not been resolved. The evidence available indicates that 
direct coupling probably occurs in the case of kreysigine and O-methylkreysigine. Reaction of 
29 with TTFA, on the other hand, results in formation of the homoproaporphine 30; 
dienone-phenol rearrangement of the latter gives multifloramine 31. 
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(a) R = OCHj, n = 1 

(b) R = H, /i = 2 


There is one important experimental feature associated with aromatic radical cations 
generated using metai salt oxidants, namely, that in almost all reactions some overoxidation 
of starting material and/or product occurs to give tarry, resinous materials, the amount of 
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(a) n = 0 

(b) «=1 


which can vary significantly with the particular metal salt used. In the above-TTFA reactions 
the amount of such byproducts is often very little and their presence does not normally 
present any difficulties whatsoever in the isolation and purification of the desired products. 
Apart from this gross overoxidation, however, the TTFA oxidations are remarkably free of 
“side reactions”; indeed, only three have been recorded, all of which involve overoxidation, 
and one of which is discussed later (see p. 709). The remaining two are the dehydrogenation 
of dihydrophenanthrenes and the direct acetoxylation of an aromatic ring. In the oxidation 
of both 22 and 34 dehydrogenation of the initially formed dihydrophenanthrene was obser¬ 
ved. In the former case, the 6a,7-dehydro derivative 40 was formed in 31% yield, together 
with 40% of the desired alkaloid 23 ; this did not present a serious problem, however, as 
reduction of 40 with amalgamated zinc in ethanol/hydrochloric acid gave the alkaloid 23. 8 In 
the latter case, only the phenanthrene 35 was isolated. Clearly, oxidative coupling of 1,2- 
diarylethanes can be expected to give at least some of the corresponding phenanthrene. The 
second, more interesting, and unexpected side reaction was recorded during the synthesis of 
ocoteine (21) where, in an attempt to reduce the amount of overoxidation encountered with 



40 
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TTFA, the l-benzyl-l,2,3,4-tetrahydroisoquinoline (20) was reacted with thallium(III) 
acetate rather than the more powerfully oxidizing TTFA. The exclusive product was 
acetoxyocoxylonine (43), formation of which can be explained on the basis that acetate ion, 
being substantially more nucleophilic than trifluoroacetate ion, reacts with either the radical 
cation (41) or the dication (42). Aromatic nuclear acetoxylation has been observed on 
occasion with other metal salts; the generality and/or synthetic utility of thallium(III) acetate 
for such reactions with simple aromatic substrates remains to be investigated. 



OCHj 

43 


Intramolecular oxidations can be generalized as outlined in Eq. (6), where Nu is an elec¬ 
tron rich aromatic ring. In principle, however, Nu could be any one of a wide range of 
nucleophiles, and both the length and nature of the chain of atoms separating Nu from the 
aromatic ring can be varied substantially. In practice, it has already been demonstrated that 
the radical cation 44 can be trapped as outlined in Eq. (6) when Nu is a carboxylic acid, 
alcohol, or tosylamide group. 



44 

Oxidation of 3-(3,4-dimethoxyphenyl)propionic acid (45) with TTFA in TFA contain¬ 
ing a catalytic amount of boron trifluoride etherate is instantaneous at — 20°C; quenching of 
the reaction by immediate addition of /-butanol gives a mixture of the dihydrocoumarin (46) 
and the spirocyclohexadienone (47) in a ratio of 2:1. ,131 If methanol rather than r-butanol is 
used to quench the reaction, the ester 48, which is derived from the dihydrocoumarin 46, is 
obtained together with 47. In an analogous fashion, TTFA oxidation of 3-(3,4- 
diethoxyphenyl)propionic acid 49 gives the dihydrocoumarin 50 and the 
spirocyclohexadienone 51 in a ratio of 1:10. Oxidation of 52 and 54 likewise gives the 
dihydrocoumarins 53 and 55, respectively, whereas the spirocyclohexadienone 57 was the 
only product isolated from the oxidation of 56. The failure to observe dihydrocoumarin for¬ 
mation in the latter instance is presumably a reflection both of steric hindrance to ortho sub¬ 
stitution and facile demethylation of the doubly flanked methoxy group; such selective 
demethylation is a known TTFA-induced reaction. 1415 Oxidation of 3-(4- 
methoxyphenyljpropionic acid (58) interestingly results in both inter- and intramolecular 
coupling to give 59. 

It is suggested that formation of dihydrocoumarins such as 46 and 
spirocvclohexadienones such as 47 in the above transformations proceeds as outlined in 
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oxidation of 75b is especially interesting as the phenol 77 is formed in 29.5% yield together 
with the spirocyclic lactone 76b. The phenol 77 is almost certainly formed in a manner 
analogous to the formation of acetoxyocoxyionine 43 from 20. i.e., by solvent capture of the 
intermediate radical cation. 

Oxidation of a variety of <o-arvl n-alkanols with TTFA has been studied and the results 
are broadly similar to those outlined above for arylalkanoic acids. 13 Both intramolecular 
trapping of the radical cation by the hydroxyl group and reaction at the benzylic position 
have been observed, although product yields are in general substantially lower than for the 
arylalkanoic acids. Trapping of radical cation intermediates with nitrogen nucleophiles has 
been successful so far only with the tosylamides of /?-arylethylamines. and gives mixtures of 
indoles and dihydroindoles. 15 Clearly, much more detailed investigations are required with 
both alcohol and nitrogen nucleophiles before any proper assessment can be made of the real 
synthetic utility of these oxidative cyclization reactions. 

There has been almost no study so far of the effect of variation of the chain separating 
the aromatic ring and the nucleophile [see Eq. (6)] on the overall course of oxidation with 
TTFA. The one study which has been reported clearly demonstrates, however, that major 
changes in reaction products can arise as a result of apparently relatively minor changes in 
the nature of the bridge. Thus oxidation of p-alkoxycinnamic acids (78) with TTFA in 
TFA/methylene chloride containing boron trifluoride etherate is instantaneous at room tem¬ 
perature and results in oxidative dimerization to give the biologically active 2.6-diaryl-3,7- 
dioxabicyclo[3.3.0]octane-4,8-diones (79) in low to moderate yield. 17-19 Even though the 
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yields are at best moderate, this does represent a very simple one-step synthesis of these 
interesting lignan natural products from readily available starting materials. A plausible 
mechanism for this oxidative dimerization is outlined in Scheme 4, which involves 
dimerization of the initially formed radical cation resonance contributor 80 to a mixture of 
81 (dl pair) and 82 (meso). Intermediate 81 can cyclize to the dj-fused product 79, which has 
the aromatic substituents in the thermodynamically most stable configuration, but inter¬ 
mediate 82 apparently does not undergo analogous cyclization as formation of the highly 
strained mms-fused bis-lactone 83 has not been observed. This in part at least could account 
for the moderate yields of oxidation products. A reasonable alternative mechanism which 
does not involve one-electron transfer can be advanced for this oxidative dimerization and is 
outlined in Scheme 5. Here, the initial reaction is oxythallation (q.v.) of the cinnamic acid 78 
to give 84. which can undergo intramolecular cyclization as shown. There is some experimen¬ 
tal evidence to indicate that this latter pathway may also be operative in these oxidative 
dimerizations. 
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2.1.3. Oxidation of Porphyrins 

All of the TTFA oxidations discussed thus far have involved rather simple aromatic sub¬ 
strates and. with two exceptions, proceed via inter- or intramolecular trapping of a radical 
cation or cation intermediate by either an electron rich aromatic ring or a suitably positioned 
carboxyl, alcohol, or tosylamide group.The two exceptions are the nuclear oxygenation reac¬ 
tions 22 -► 43 and 75b -»77. By contrast. Smith and his colleagues have carried out detailed 
studies of the oxidation of porphyrins and chlorins with TTFA and have developed useful 
and in many cases high yielding procedures for the stereospecific oxygen of meso positions. 
Reaction of octaethylporphyrin 85 with TTFA gives the corresponding thallium!Ill) complex 
86, which is largely resistant to further oxidation: prolonged treatment of 85 with TTFA in 
trifluoroacetic acid and dichloromethane does, however, result in some oxidation to give a 
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mixture of the a,y-dioxo, a, /J, y-trioxo, and the tetraoxa (octaethylxanthoporphyrinogen) 
products. 20 Treatment of the magnesio complex 87a or. better, the zinc(II) complex 87b with 
TTFA, on the other hand, results in smooth oxidation and formation of octaethyloxophiorin 
88 in 79% yield. 21 Oxidation of other meso-unsubstituted porphyrins proceeds similarly, 



while a variety of mero-substituted substrates are oxidized stereospecifically to mcso-dis- 
ubstituted products. 22 ' 25 Oxidation of all four meso positions of octaalkylporphyrins can be 
effected. The zinc(H) complex of weso-tetraphenylporphyrin still undergoes oxidation at the 
meso positions, but yields are much lower and ring cleavage products are also formed. One- 
electron transfer processes are certainly involved in these reactions, and if a solvolytic 
isolation procedure is avoided, the actual reaction products, the mejo-trifiuoroacetoxy 
derivatives, can often be isolated in excellent yield, e.g., 87b -* 89 -* 90. Whether the 



oxidation proceeds by reaction of trifluoroacetate ion with the radical cation derived from 
the porphyrin or with the dication remains, however, something of a moot point (Scheme 6). 

Oxidation of chlorins (7.8-dihydroporphyrins) with TTFA is also of considerable 
interest and importance. 26 Reaction of the octaethyl compound 91 with excess of TTFA, for 
example, gives a mixture of products, the major one of which is the aromatic thailium(III) 
complex 86 formed by dehydrogenation of the 7- and 8-positions; only 3% of the chlorin 
thallium(III) complex is obtained. The product of real interest, however, is the 
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dihydrobiliverdin 92, as cleavage of metailoporphyrins to their open chain bile pigment 
counterparts is a reaction of considerable biological importance and one for which only two 
other laboratory procedures are available. The mechanism for the formation of 92 from 91 is 
complex and involves initial stereospecific meso-trifluoroacetoxylation of the chlorin by 
TTFA and ultimate oxidative ring cleavage by oxygen. Smith et al. have also developed 
important procedures for the specific oxidative removal of one pyrrole ring from the 
thalliumf III) complexes of bilitrienes. 27,28 While these latter reactions certainly appear to 
proceed by radical cation mechanisms, the thallium does not function as a formal oxidant in 
the sense of the other reactions discussed above; rather, its unique role [the Zn(II), Cu(II), 
and Ni(II) complexes, and the free base, are stable under the reaction conditions] is to act as 
an electron acceptor in the final photochemical stage of the transformation and undergo 
reduction to thallium! I). 



TTFA 

THF/CH.CI, 


86 


+ 



92 


2.2. Two-Electron Transfer Reactions 

2.2.1. O.xvthallation Reactions, General Features 

Oxymetallation is the general term used to describe the overall addition reaction that 
takes place when an olefin acetylene or ailene is reacted with an electrophilic metal salt. 
Oxymercuration is the most familiar and widely studied of the oxymetallation reactions and 
is of considerable synthetic utility. In recent years, however, oxythallation has been studied 
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intensively and the result has been the development of a wide range of novel and syn¬ 
thetically important oxidation procedures. By contrast with oxymercuration, which in the 
case of olefins almost invariably results in the formation of stable organomercurials, 
oxythallation seldom gives stable organothallium products. Monoalkyl organothallium 
derivatives of the type RT1X 2 are generally very unstable and undergo spontaneous decom¬ 
position under the reaction conditions. In many cases, the decomposition of oxythallation 
adducts proceeds via carbonium ion-like intermediates and the overall transformation 
involves oxidative rearrangement of the carbon skeleton of the substrate. The general prin¬ 
ciples, scope, and limitations of oxythallation have been described in some detail recently, 5 
and consequently the following discussion highlights only the most important and general 
aspects of the subject. 

In practical terms oxythallation is simple and straightforward, and most reactions go to 
completion rapidly at room temperature. The most commonly used reagent is thallium(III) 
nitrate (TTN), 29 which can be used in a range of solvents such as methanol, 1,2- 
dimethoxyethane, trimethyl orthoformate (TMOF), 5 ' 30 ' 31 acetic acid, aqueous mineral acids, 
or, in admixture with methanol and/or TMOF, as a supported reagent on Montmorillonite 
K-10 clay and other inert inorganic supports. 5 ' 3132 Thallium(III) acetate, trifluoroacetate, 
sulfate, and perchlorate have been used to some extent 5 : the acetate and trifluoroacetate salts 
are, however, not in general particularly effective oxidants, while reactions with the sulfate 
and perchlorate, which are effective oxidants, are necessarily almost always carried out in 
aqueous acidic media. Oxythallation using thallium(lll) acetate or trifluoroacetate frequently 
gives mixtures of products, partly or largely as a result of acetate or trifluoroacetate ion 
rather than the solvent participating inter- or intramoleculariy during either the addition 
process or the subsequent decomposition of the oxythallation adduct. Such complications are 
not observed with the sulfate or perchlorate salts but have been noted on occasion with 
TTN, particularly when very poorly or non-nucleophilic solvents have been employed. 

2.2.2. Oxythallation of Double and Triple Bonds 

The rapid and high yield transformation of cyclohexene into the dimethyl acetal of 
cyclopentanecarboxaldehyde on reaction with TTN in methanol illustrates the Tl(III )- 
induced oxidative rearrangement of a simple olefin (Scheme 7). 29 This general approach in 
fact constitutes a simple and by now quite widely used procedure for the rapid and direct 
oxidative ring contraction of cyclobutenes, cyclohexenes, and cycloheptenes; typical examples 
are shown in Eqs. (7)—(II). As expected, the reaction is of no synthetic utility for ring con- 

□f --► l>COR (7) 

Ref. 33 R = H. 75%-85% 

R =CH,, 88%-92% 

(CH 2 )„ II ■ . r N ' McOH , (CH 2 )„CHCH(OCH 3 ) 2 (8) 
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traction of cyclopentenes, which give complex mixtures of products, while the scope and 
limitations with respect to large ring olefins remain to be firmly established. In contrast to 
these ring contractions, reaction of methylenecycloalkanes with thallium(III) salts can result 
in smooth ring expansion and formation of cycloalkanones. Again, as expected, these 
oxidative rearrangements are most favored where the overall transformation involves relief of 
ring strain, i.e., four- to five- and five- to six-membered ring transformations; examples are 
shown in Eqs. (12 >—(14). 



Ref. 33. R = H, 77%-81% 
Ref. 38. R=CN, 81% 


O 



Ref. 38. T!(C10 4 ),/H 3 0 + , 50% 

Ref. 39, TTN/MeOH, 68% 

In principle, Tl(III)-induced oxidative rearrangement of simple acyclic olefins should 
constitute a facile procedure for the direct conversion of an olefin into an aldehyde or ketone. 
In practice, however, mixtures of products are normally obtained unless the olefin contains 
at least either one substituent which is a good migrating group or a good nucleophile which 
can participate intramolecularly during the reaction. Thus, oxidation of a simple n-alkene 
with TTN or other thallium(III) salts usually gives a mixture of carbonyl compound(s), 1,3- 
diol derivatives, and epoxide depending on the reaction conditions and the solvent used, and 
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is seldom of any significance. 5-4H By contrast, oxidative rearrangement of styrenes constitutes 
a simple and valuable procedure for the high yield preparation of arylacetaldehydes from 
readily available starting materials [Eq. (15)]. 29 ' 32,41 ^* 7 a-Methylstyrenes and a- 
methylstilbene react analogously to give arylacetone derivatives [Eq. (16)], 2944 while 1,1- 
diarylethvlenes are smoothly transformed into deoxybenzoins in almost quantitative yield 
[Eq.(17)]. 29,44 In the latter case, both possible isomeric deoxybenzoins can be obtained if the 
aromatic rings in the diarylethyiene contain different substituent groups and therefore have 
different migratory aptitudes. In accord with the generally accepted mechanism of 
oxythaliation, results from kinetic and product distribution studies are consistent with a 
mechanism in which electron-releasing substituents in one of the aromatic rings strongly 
favor migration of that aryl group and in which C-Tl bond cleavage is concerted with aryl 
migration. 44 
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The presence of a good migrating substituent or of a suitably situated nucleophile in the 
olefin can be used to advantage to overcome thermodynamically unfavorable situations. Ring 
expansion of a methylenecyclohexane to a cycloheptane or of a methylenecvcioheptane to a 
cyclooctane, for example, involves an increase in steric strain and is thus normally 
unfavorable. With the benzo-fused methylenecycloalkanes 93 and 95 , however, smooth 
oxidative ring expansion to 94 and 96 , respectively occurs on treatment with TTN [Eqs. (18) 
and (19)]. 48 As the methylenecycloalkanes are readily prepared by Wittig reaction of the 
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corresponding cycioalkanones, this is a general and highly efficient procedure for the ring 
expansion of cyclic aryl alkyl ketones whereby a methylene carbon, which may be sub¬ 
stituted, is selectively inserted between the aromatic ring and the carbonyl group. 4 *" 51 
Product control by intramolecular participation of a suitably situated nucleophile is 
illustrated by the direct transformation of ailyl phenyl ether into 3-hydroxychromane 
[Eq.(20)] and of the methyl ester of prostaglandin F,a (97) into the dioxatricyclic systems 
98 and 99 [Eq. (21)]. 52-53 Carbon-carbon double bonds. 54-58 aromatic rings, 59-60 the 
alcohol, 41-52-53-61-68 carboxyl, 69-72 ester, 69 carboxamido, 69 and amino groups 73-74 have all been 
shown to participate intramolecularly in oxythallation reactions, and this general concept, 
while by no means yet defined with respect to scope and limitations, is one of considerable 
current interest and importance, especially in natural product chemistry. 



97 98 24% 99 51% 

R 1 =CH=CHCHC 5 H,, 

OH 

R 2 = (CH 2 )jCOOCHj 


Olefins in conjugation with electron-withdrawing groups are relatively poorly 
nucleophilic, and it was rapidly established that such substrates either did not undergo 
oxythallation on treatment with TTN, as for example esters of cinnamic acids, or gave 
mixtures of products, as for example with cinnamaldehydes. 29 An intermediate situation was 
found to obtain with chalcones, and by the use of either prolonged reaction times and/or 
heating of the reaction mixture, oxidative rearrangement was found to occur in moderate to 
good yield [Eq. (22)]. 75 Moreover, if the Ar 1 ring contains an or/to-situated hydroxy group 
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’ 44%-70% 


and the reaction is carried out in methanol, then intramolecular transacetalization of the 3,3- 
dimethoxy-l,2-diarylpropan-l-one (100) obtained by oxidative rearrangement of the 
chaicone 75-76 followed by loss of methanol results in formation of an isoflavone 
[Eq. (23)]. 77 78 This general approach has now been developed into a simple, effective, and 
widely used preparative route to isoflavones 79-94 ; typical examples are shown in Eqs. (24) 
and (25). 95-96 1,3-Diaryl- 1,3-propanediones. which are effectively fully enoiized. undergo 
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chalcone-like oxidative rearrangement on treatment with TTN in methanol to give methyl 3- 
oxo-2,3-diarylpropanoates [Eq. (26)]; the latter can react further with TTN to give a variety 
of products, and hence careful attention must be paid to the reaction conditions. 97 As with 
chalcones, the intermediate oxythallation adduct can be trapped mtramolecuiarly by a 
suitably positioned ortho hydroxy group [Eqs. (27) and (28)]. The reactions of a variety of 
arylidene and diarylidene ketones with TTN have been examined; in some cases good to 
excellent yields of products of oxidative rearrangement have been obtained [Eqs. (29) and 
(30)], but in others complex mixtures of products were formed. 98 
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Despite the successful development and exploitation of the above isoflavone synthesis, 
most attempts to apply the oxythallation principle to simple a,/?-unsaturated aldehydes. 
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ketones, and esters gave negative or at best indifferent results of little practical value. Con¬ 
sequently, modifications of the standard procedures had to be developed, and two such have 
proved to be highly successful. The first involves the use of TTN in TMOF, either alone or in 
admixture with methanol. 5 ' 30,31 and the second the use of the TTN/TMOF/methanoi reagent 
supported on montmorillonite K.-10 clay. 5 31 ' 32 Use of these reagent combinations has not 
only successfully extended the oxythallation/oxidative rearrangement principle to 2 ,/?- 
unsaturated systems but has led to the discovery of several novel oxidative transformations. 
Thus, oxidation of chalcone with TTN in TMOF rather than methanol as solvent gives a 1:1 
mixture of 100 , the expected product of rearrangement, and methyl 2,3-diphenyI-3- 
methoxypropanoate (101 ). 99100 The latter product arises by previously unprecedented 
oxidative rearrangement of chalcones involving migration of the Ar 1 group as outlined in 
Scheme 8. As the oxythallation reaction which leads to 100 is slow due to deactivation of the 
carbon-carbon double bond by the carbonyl group, acetalization of the latter by TMOF, 
which is catalyzed by both TTN and the acidic medium, is a competing reaction. When the 
acetal has formed, however, deactivation of the carbon-carbon double bond ceases; it is then 
of a simple styrene type and hence oxythallation is rapid. The Ar 1 group in the oxythallation 
adduct 102 subsequently migrates in preference to the Ar group because of stabilization of 
the intermediate carbonium ion by the geminal methoxy groups. Evidence in support of the 
main features of this mechanism is readily available: independent preparation of the dimethyl 
acetal of chalcone followed by oxidation with TTN in TMOF gives methyl 2.3-diphenyl-3- 
methoxypropanoate ( 101 , Ar = Ar‘=C 6 H 5 ) in quantitative yield. 99100 Further studies have 
shown that it is possible by appropriate choice of reaction conditions, positioning of 
activating substituents, and/or initial conversion of the chalcone to the corresponding acetal 
to effect selective rearrangement of either the Ar or the Ar 1 group. 100 

Both cinnamaldehydes and methyl cinnamates also undergo facile oxidative 
rearrangement on treatment with either TTN in TMOF/methanol 30 or with the TTN/K-10 
reagent 32 to give arylmalondialdehyde tetramethyl acetals and methyl 2 - 
dimethoxymethvlarylacetates. respectively. Yields are excellent, and typical examples are 
shown in Eqs. (31) and (32). That is, readily available chalcones, cinnamaldehydes, and 
methyl cinnamates can be transformed easily, rapidly, and in high yield into the acetal 
protected forms of the much less readily available and unstable (to retro-Claisen conden¬ 
sation) 1.3-dicarbonyl compounds 103 - 105 ; the latter, as the corresponding ketals. have been 
utilized for the synthesis of a wide range of heterocycles. 101 

Ketones rapidly enolize under the acidic conditions of oxythallation and the resultant 
electron rich olefinic double bond readily undergoes oxythallation. By far the most important 
reaction of this type is with aryl alkyl ketones. Oxidation of acetophenone with TTN in 
acidic methanol, for example, gives methyl phenylacetate (94%) and u>- 
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TTN/MeOH 

TMOF 


CH(OCH,) ; 

C-R 1 

CH(OCH,) 2 


R = R' = H, 79% 

R =4-CH 3 0, R' = H, 84% 
R = 4-0,N, R 1 = H, 63% 

R = H, R'=CH 3 , 83% 

R = 3-0 2 N, R l =CH 3 , 50% 


COOCH, 


CH(OCH 3 ) 2 
^COOCH, 


R = H, 96% 

R = 4-CH 3 , 96% 

R = 4-CH 3 0, 90% 
R = 2-F, 83% 

R = 4-C1, 96% 


C 6 H 5 COCH, 


MeOH/HjO* 


C 6 H 5 CH 2 COOCH 3 + C 6 H 5 COCH, OCH, 


methoxyacetophenone (6%) [Eq. (33)] 102 103 ; formation of the latter compound is com¬ 
pletely suppressed by using the TTN/K-10 reagent. 32 The suggested mechanism for this 
transformation is outlined in Scheme 9. 102 - 106 This experimentally simple and high yielding 
transformation, typical examples of which are shown in Eq. (34), 32-102-103 has been widely 


COCH 3 


TTN 

Me0H/H,0" 


CH,COOCH3 


R = H, 84% 

R = 4-Br, 89% 

R =4-F, 88% 

R =4-Me, 86% 

R = 2,4,6-(CH 3 ) 3 , 81% 

R =4-HO, 64% 

R = 2-CH 3 0, 62% 

R = 3-CHjO, 68% 

R =4-CH 3 0, 89% 

R = 3,4-(CH 3 0) 2 , 88% 

R = 2,3-CH = CH — CH = CH, 91% 
R = 3,4-CH = CH — CH = CH, 89% 
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CHO 

I 

ArCH = CHCOAr 1 = Ar - CHCOAr 1 

103 

CHO 

I 

ArCH = CHCHO s Ar - CHCHO 

104 


CHO 


ArCH = CHCOOCH ,sAr- CHCOOCH 3 

105 


utilized 107- ” 5 for the preparation of a wide range of arylacetic esters, and procedures have 
been developed whereby the process is rendered catalytic in thallium salt by in situ 
reoxidation of thallium!I) to thallium!III). 116 The general approach can also be extended to 
the preparation of a-alkylarylacetic esters, some of which, as already mentioned, are of con¬ 
siderable commercial importance as pharmaceuticals. In these cases, use of methanol alone 
as solvent is often not satisfactory, as significant amounts (up to ca. 30%) of a-methoxy 
ketones can be obtained as by-products as a result of solvolytic displacement of the thallium 
substituent from the oxythallation adduct. 103 These problems are, however, completely 
eliminated either by employing the enol ether of the ketone as substrate 117 or by using the 
TTN/TMOF/methanol or TTN/K-10 reagent systems, and typical transformations are 


COCH 2 R 


TTN 

McOH 


CHCOOCH, 

O 


(35) 


R=CH } , R‘=H, (TMOF), 98% 

R = C 2 H 5 , R‘ = H, (K-10), 98% 

R=CHj, R'=4-X-,(H 3 0 + ), >85% 

R = CH 3 , R 1 =3-C 6 H 5 CO, (TMOF), 98% 


shown in Eq. {35). 30 - 32 118 - 120 Aroylalkanoic acids undergo both oxidative rearrangement and 
esterification on treatment with the TTN/K-10 reagent [Eq. (36)]. 121 Interestingly, oxidation 
of acetophenones by the TTN/TMOF reagent results not only in oxidative rearrangement 


PhCOCH : (CH : )„COOH 


TTN/K-10 


COOCHj 

I 

PhCH(CH 2 )„ COOCH 3 
n = 1-3 



COCH, 


R 


TTN'McOH 


OCH, 

i 

CHCOOCH, 


R 

R = H, 70% 

R = 4-CH, O, 81% 
R =4-0 : N, 87% 

R = 3-C 6 ’h 5 0, 97% 


(36) 


TMOF 


(37) 
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SCHEME 10 


OCH, 


OCH, 
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ArCOCH, ,, „, n . N :v... - ArC - CH, —- - — ArC = CH, 


MtOH/TMOF 


OCH, 


Ar 


CH,0~^C--CH,^-T1—^ ArCH,C(OCH,), 


OCH, 


Ar 

' MeOH - ArCH = C(OCH,j, TTN « CHCIOCH,), 

• “ MeOH / 

— T1 


Ar 


OCH, 


CHCfOCH,),-> ArCHCOOCH, 


CH,0 


but also in methoxylation and gives methyl a-methoxyarylacetates in excellent yield 
[Eq. (37)]. 30 Two successive methoxythallation reactions are involved, as outlined in 
Scheme 10. 

By contrast to the preceding reactions, all of which involve oxidative rearrangement of 
the organic substrate, use of non-nucleophilic solvents can give products of unrearranged 
carbon skeleton. Oxidation of acetophenones with TTN in dimethyl carbonate or 
acetonitrile, for example, gives excellent yields of the corresponding a-nitrato ketones. 122 In 
this instance solvothallation is not possible and the mechanism outlined in Scheme 11 has 
been suggested. With aliphatic ketones the reaction is only useful either where the ketone is 
symmetrical or where one of the alkyl groups is tertiary. 

Oxidation of aliphatic and alicyclic ketones with thallium(lll) has been surprisingly lit¬ 
tle studied, and there is little information available on the mechanisms of the reactions. Reac¬ 
tion of aliphatic ketones and enamines of cyclic ketones with thallium(IIl) acetate gives a- 
acetoxy derivatives, but little is known of the scope, limitations, and real synthetic potential 
of the processes. 123-126 Oxidation of cycloalkanones can give excellent yields of ring contrac- 
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ted carboxylic acids or esters 127 as outlined in Eqs. (38 >—(40), t2K - |3 ° but again the scope and 
limitations of this potentially very useful reaction remain to be defined. It is, however, clear 
that factors such as reaction conditions and the nature and position of the carbonyl group 
with respect to other functional groups in the molecule can have a profound effect on the 

cf -► P>— COOH (38) 

T1C1 3 /HC10 4 , 80% 

TTN/AcOH, 95% 



O 


TTN 


CH,OH 


d> COOCH ’ 


85% 


O' 


TTN 

TMOF 

MeOH 


CH 3 OOC ""CCT 


(39) 


(40) 


R = OCOCH,.75% 
R=COCH„65% 


overall course of reaction. 131 ' 134 The effect of reaction conditions is dramatically illustrated 
with simple cyclohexanones. 135 Thus, oxidation of 106 with TTN in acetic acid proceeds 
smoothly and almost instantaneously at room temperature. If the thallium!I) nitrate is then 
removed and the reaction mixture neutralized with aqueous sodium bicarbonate solution, 
excellent yields of the acyloins 107 are obtained. If, on the other hand, the reaction mixture 
after removal of the thallium( I) nitrate is gently warmed, no acyloin is formed; the sole 
product is the ring contracted carboxylic acid 108. These reactions have not yet been fully 
satisfactorily explained. 



Mercury! II) catalyzed hydration of acetylenes is a well established and synthetically 
useful process. Uemura and his colleagues have shown that thallium(III) acetate can perform 
the same function, but there is no practical advantage in the thallium procedure. 136 The reac¬ 
tions of acetylenes with TTN, on the other hand, are much more interesting, as hydration 
and formation of ketones are not observed. Instead, these reactions lead to one of four dif- 



720 


Alexander McKillop and Edward C. Taylor 


ferent types of products, depending on the nature of the acetylene. 137 Thus, diaryl acetylenes 
are smoothly converted into benzils [Eq. (41)] and dialkyl acetylenes to acyloins 
[Eq. (42)]: terminal acetylenes are oxidized to carboxylic acids with the loss of the terminal 
carbon atom [Eq. (43)], while alkyl aryl acetylenes undergo oxidative rearrangement to give 
methyl a-alkylarylacetates [Eq. (44)]. The last reaction represents a very simple procedure 

ArC = CAr’-—-► ArCOCOAr 1 (41) 

CHiOHorHjO* 

45 %-95 % 

RC-COR (42) 

I 

OR 1 

R' = H, OCHj. 70%-90% 

RCOOH (43) 

55 %—80 % 

R 

I 

ArCHCOOCH 3 (44) 

78 %-98 % 

for the preparation of these substituted arylacetic acids, a number of which are important 
nonsteroidal anti-inflammatory drugs. Reasonable mechanisms, all of which involve 
oxythallation as the initial step, have been suggested for these acetylene transformations. 137 


ArCsCR 


RCsCR 


HjO* orCHiOH 


Dr_ mi 


2.2.3. Oxidation of Nitrogen Compounds 

In contrast to the above oxythallation reactions, which involve addition of the 
thallium(III) reagent to a C = C or CsC bond, there is one particular type of oxidation 
which is believed to proceed via an electrophilic substitution reaction. Reaction of 3-sub- 
stituted 5-pyrazolones (109) with TTN in methanol is rapid at room temperature; two 
equivalents of oxidant are required for completion of reaction, nitrogen is evolved, and 2- 
alkynoic esters (110) are formed in excellent yield [Eq. (45)]. 138-139 The mechanism shown in 


Vn 

N-n^o 

H 

109 


2TTN 

MeOH 


RCsCCOOCH, 
67%-9 5% 

110 


(45) 


Scheme 12 has been proposed for this transformation, 138 in which it is suggested that TTN 
functions (a) as an electrophile in the substitution reaction Ill —► 112, and (b) as an oxidant 
for the NHNHCO group. There is excellent precedent for such reactivity. Thus, the role of 
thallium(III) as an electrophile in S E Ar reactions is thoroughly well documented 5 ; 5- 
pyrazolones are known to undergo facile electrophilic substitution at the 5-position 140 ; 
enamines (cf. Ill) react readily with thaliium(lll) salts 124 ; and compounds containing the 
NHNHCO group are postulated to react with thalliumflll) salts as shown in Scheme 12. 

5-Pyrazolones are almost always prepared by reaction of a /J-keto ester with hydrazine. 
The transformation outlined in Eq. (45) thus represents in a formal sense the dehydration of 
a p -keto ester. Moreover, in a logical extension of this oxidation, it has been shown that 
reaction of 3,4-disubstituted 5-pyrazolones (readily prepared by treatment of a-substituted /?- 
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ONO, 

R _ R_ R_ TI -ONOi 

N'N^O ' HNv N X q ’ HN^sjX 0 

H H H 

III 112 


CONO, 

R- On- ono, 
HOCH, 


RC = CCOOCH, + N; + TIONO, + HNO, 


keto esters with hydrazine) with TTN in methanol leads directly to allenic esters 
[Eq. (46)]. 141 This transformation can be explained as outlined in Scheme 13, and also for¬ 
mally corresponds to dehydration of the precursor ^-substituted /5-keto ester. This latter 
reaction has been successfully extrapolated to the synthesis of cyclic allenic esters 
[Eq. (47)]. 142-144 


R 


'R 2 CH 


N^O 


H 


2TTN 

MeOH 


/ R3 

R 1 R 2 C = C = (46) 

48%-61% cooch j 



2TTN 

MeOH 


(CH^Of 

O 


COOCH, 


(47) 


n = 7-10,49%-91 % 


As indicated above, compounds which contain the NHNHCO unit are oxidized by 
thallium(IH). Thus semicarbazones are smoothly converted into aldehydes or ketones on 
treatment with either TTN 145 or thallium(III) acetate 146 [Eq. (48)], and the latter salt has 

R R 


C = NNHCONH, 


c=o 


(48) 


R‘ R 1 

also been shown to be a good reagent for the analogous regeneration of carbonyl compounds 
from the corresponding toluene-p-sulphonylhydrazones. 146 The mechanism outlined in 

SCHEME 13 
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Scheme 14. in which initial formation of an N-Tl bond is postulated, has been advanced for 
these reactions. Oximes react very rapidly with TTN and aldehydes and ketones are obtained 
in excellent yield. 145 In this case the mechanism is postulated to involve initial ligand 
exchange between TTN and the oxime to give 113, which is converted into the carbonyl 
compound as shown in Scheme 15. If TTN/TMOF is used in these reactions the rather 
unstable nitroso ethers 114 can in fact be isolated. There is a fair amount of evidence in sup¬ 
port of the mechanism shown in Scheme 15, but there is also some evidence that a one-elec¬ 
tron transfer pathway may also be operative. Phenylhydrazones react with TTN much more 
slowly than oximes, and yields of ketones are moderate. Treatment of phenylhydrazone 
derivatives of a,/S-unsaturated carbonyl compounds with TTN does not result in regeneration 
of the parent carbonyl compounds, but in oxidative cyclization and formation of 1- 
phenyipyrazoies in moderate yield. 145 


2.2.4. Oxidation of Organosulfur Compounds 

Qualitatively. thallium(III) is one of the softest of the metal ions 147 and it is therefore 
not at all surprising that thallium(III) acetate, TTFA, and TTN react readily with 
organosulfur compounds. Thiols are smoothly converted into disulfides in almost quan¬ 
titative yield on treatment with thailium(III) acetate in chloroform. 148 thioamides are rapidly 
converted into either the 0-amides or the corresponding nitriles, 149 and the thailiumflll)- 
promoted hydrolysis of S-alkyl esters is very much faster than the corresponding hydrogen 
ion-catalyzed reaction. 150 In this latter context, however, it is interesting to note that TTFA 
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has been found to be less efficient than mercury!II) trifluoroacetate in the Masamune 
esterification procedure. 151 

All of these reactions appear to proceed via initial formation of a 1:1 complex between 

\* / 

the organosulfur compound and the thallium!Ill) salt of the type S-Tl , and reasonable 


mechanisms can be suggested for the subsequent transformations of such complexes. A num¬ 
ber of interesting and in some cases synthetically important reactions of sulfides and 
dithioacetals with TTN have been reported where initial formation of similar complexes is 
either postulated or tacitly assumed. The situation may, however, be more complex, as in at 
least one case a radical cation mechanism has been established. Thus, oxidation of the 
dihydrodithiin 115 [Eq. (49)] with TTN in chloroform/methanol gives the sulfoxide 117 in 


Ph S 

Ph_S„ 


TTN r Y'i 

CHC1, _ 

Ph S 

Ph S 

115 

116 


cr 

Ph c+ 

i (49) 

Pit S 

117 72% 


72% yield via the radical cation 116. 152 Oxidation of a number of other sulfides and selenides 
under the same conditions gives excellent yields of the corresponding sulfoxides and 
selenoxides, respectively; the sulfoxides can be further oxidized to sulfones by longer 
exposure to TTN. The origin of the oxygen atom(s) in the final products is, however, 
unknown, though it may well be derived from the water of hydration of TTN. 

From the few studies available thus far, all of which are in the form of preliminary com¬ 
munications, it is clear that the nature of the products obtained from the oxidation of sulfides 
by thallium!Ill) depends on the amount and kind of thallium salt used, the reaction con¬ 
ditions, and the nature of the sulfide. Oxidation of the benzyl sulfide 118 with TTN in 
methanol, for example, gives the methyl ether 119 [Eq. (50)] 153 ; similar results are obtained 


CHjO. 

CHjO 


SC,H, 


NO, 


TTN 

MeOH 


CHjO. 

CHjO 


118 


OCH, 


119 


NO, 

98% 
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with other alcohols, although in these cases loss of the benzylic substituent and formation of 
the corresponding nitrostyrene is also observed. The reaction is postulated to proceed via the 

S-TI intermediate, which can either undergo direct solvolysis or ionize to the benzylic 

/ \ 

carbonium ion, which could serve as precursor to both types of product. By contrast, 
oxidation of /?-oxido sulfides 120 with TTN in methanol or methanol/chloroform gives either 
the dimethyl acetals 121 [Eq. (51)] or, in isolated cases, the a-dicarbonyl compound 


O 



O' 


120 


sc,h 5 

Ph 


TTN 

MeOH 


j?OCH, 

yS-och, 

-^O^Ph 


121 


91% 


(51) 


[Eq. (52)]. 154 Yields in this Pummerer type of reaction are good to excellent but the actual 

\* / 

mechanism is not known, especially whether a S-Tl complex is involved or whether 

/ \ 


initial oxidation of the sulfide to the sulfoxide occurs. 
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y SC : H< 

PhCOCH ■■ JJ q n h > PhCOCOCH, (52) 

X CH, ' 59% 


The reactions of dithioacetals also apparently depend on the nature of the substrate. 
Treatment of a-oxo dimethylthioacetals with TTN in methanol, for example, results in 
smooth conversion to the corresponding dimethyl acetals, presumably by solvolysis of 

\ + / 

S-Tl complexes. 155 In the absence of an a-oxo substituent, however, 1,3-dithioles and 


1,3-dithianes undergo rapid dethioacetalization at room temperature under the same con¬ 
ditions and the corresponding aldehydes and ketones are obtained in generally excellent 
yield. 156-161 TTFA can also be used for dethioacetalization 162 but fairly detailed studies of 
this very facile reaction have established that TTN is the reagent of choice. The only poten¬ 
tially serious limitation with respect to other functional groups appears to be with phenols, 
which are very rapidly oxidized by TTN (see Section 2.3). A wide range of S-acetals has been 
successfully dethioacetalized, including substrates containing alcohol, ketone, olefin, and 
acetylene groups, and selective dethioacetalization has also been demonstrated; typical exam¬ 
ples are shown in Eqs. (53)—(55). 156 159 - 160 
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McOH/CHCI, 
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(53) 
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76%-90% 


(54) 


(55) 


2.3. Reactions of Uncertain Mechanisms. Oxidation of Phenols and Derivatives 

It has been known for almost 50 years that phenols are readily oxidized by 
thallium!Ill), but the real synthetic utility of some of these reactions has only been 
recognized during the last decade. There has been surprisingly little systematic study of these 
reactions, even though it is obvious from the results available that the products which can be 
obtained depend on the nature of the phenol, the thallium(III) reagent used, and the reaction 
conditions. Thallium(III) chloride, oxide, acetate, trifluoroacetate, nitrate, and perchlorate 
have been variously employed for the oxidation of a wide range of structurally different 
phenols, but in only a very few instances have the reactions been studied in any detail with 
respect to the development of optimum experimental conditions, especially the thallium(III) 
salt used. 

Thallium(III)-induced oxidations of phenols are among the most interesting of all 
thallium!III) oxidations with respect to mechanism. Various different mechanisms have been 
suggested, some of which might appear to be perfectly plausible as paper exercises, others 
perhaps less so 163 ; in fact, there is either very little or no evidence to substantiate any of them 
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and the reaction pathways remain more or less obscure, it is particularly interesting to note 
that while concepts such as ligand exchange between the phenol and the thallium(III) 
reagent 163 ' 165 [Eq. (56)] and ipso-substitution 166 [Eq. (57)] have been invoked to account 


ArOH +T1X, 


ArOTlX-. 


(ArO)jTl 


products 1 


(56) 


products ( 57 ) 


for certain oxidations, almost no serious consideration has been given to the possibility of 
radical cation mechanisms. The mechanistic ambiguities notwithstanding, certain 
thallium! Ill (-induced oxidations of phenols are of considerable synthetic utility. The most 
important of these are those in which phenols are oxidized either to quinones or to 
cyclohexadienones and/or which result in intramolecular ring closure to the phenolic ring. 

Hydroquinone is oxidized to p-benzoquinone by both thallium)III) chloride 164 and 
acetate. 167 but TTFA 165 and TTN 166 are very much more efficient oxidants. Using these lat¬ 
ter reagents, reaction is almost instantaneous at room temperature, yields are excellent, and 
the process is general. p-Benzoquinones are also obtained directly by TTFA oxidation of 
phenols which have either an amino or a leaving group in the para position [Eq. (58)]: a 
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TTFA 


R 1 


(58) 
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R = f-Bu, NH : , halogen, CH,COO 


special case of this latter type of reaction is the oxidation of 4-t-butylphenols, in which the t- 
butyl group is lost as isobutylene. 165 2,5-Dimethoxyacetophenones are converted to p-benzo- 
quinones by treatment with TTNn'MOF in methanol in what appears to be a most unusual 
reaction. 168 Thus oxidation of 122 is complete within a few minutes at room temperature and 
if the thallium(I) nitrate is removed by filtration and the filtrate concentrated in vacuo, a 
mixture of 123 and 124 is obtained [Eq. (59)]. If, on the other hand, the reaction is carried 
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out in exactly the same way but the filtrate is passed through a short column of alumina 
prior to evaporation, then the products are 125 and 126, t.e., the "expected” products of 
oxidative rearrangement. Note that oxidative rearrangement of the acetyl group also occurs 
in the formation of 123 and 124. Finally, in a reaction reminiscent of the TTFA-induced 
oxidation of 20 and 65b, 2,6-disubstituted phenols are smoothly converted into 2,6-di- 
substituted p-benzoquinones on treatment with TTN in methanol [Eq. (60)]. 166 
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TTN 
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72%—83% 


A much more unusual and synthetically more significant reaction is the direct oxidation 
of 4-substituted phenols to 4,4-disubstituted cyciohexa-2.5-dienones. Use of thaliium(lll) for 
this type of reaction was first reported in 1963 by Hecker and Lattrell, who succeeded in 
isolating quinol ethers and acetates in low yields from the boron trifluoride catalyzed reac¬ 
tions of a number of 4-alkylphenols with thallium(III) acetate in methanol and acetic acid, 
respectively. 169 Further isolated examples have been reported subsequently 170171 [Eq. (61) 
and (62)], but the first detailed study of this type of reaction appeared only in 1976. 166 TTN 


O O 



n = 1 or 2, 80% 


in TMOF/methanol or in methanol alone was found to be an excellent reagent for the con¬ 
version of 4-methoxy- and 4-alkylphenols in almost quantitative yield to 4,4-dimethoxy- and 
4-aIkyl-4-methoxycyclohexa-2,5-dienones, respectively [Eq. (63)]. Simple 4-aikoxyphenols 
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TTN 
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R‘ OCH, 
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(63) 


are also converted to 127 (R‘=OCH,) in generally excellent yield under the same con¬ 
ditions, but with more highly substituted aromatic substrates mixed acetals and hemiacetals 
can be obtained. Alcohol solvents other than methanol can be used for the preparation of 
mixed acetals and hemiacetals, but yields are generally only moderate. A few 6,6- 
dimethoxycyciohexa-2,4-dienones have been prepared in an analogous manner [Eq. (64)], 
but these products are very unstable and rapidly dimerize. 

Quinone monoacetals are valuable synthetic intermediates, but prior to the thallium- 
induced oxidation procedure, which is now quite widely used, 172-180 there were few satisfac- 
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CH,0 T OCH, 
OCH, 


55% 

134 


yields are low, they are generally considerably better than those obtained using alternative 
oxidation procedures. Reactions of this type could become of considerable importance in 
natural product chemistry, especially if care is taken to devise the optimum reaction con¬ 
ditions and to utilize the best thallium(III) salt. It is interesting to note, for example, that 
TTFA was the reagent used in all of the above intramolecular cyclohexadienone syntheses; 
apparently no attempt was made in any case to examine the possible efficacy of TTN in such 
oxidations. 

Finally, there are three reports of TTFA oxidations of phenols which apparently result 
in different types of intramolecular ring closure. During studies of synthetic routes to 
podophyllin lignan lactones the phenol 130 was oxidized with TTFA in either 1,2- 
dichloroethane or methylene chloride. This produced a deep red solution which was reduced 
with bisulfite; the product after extraction was methylated and was found to be 134 (Scheme 
16). 189 There is good evidence that this reaction proceeds by an initial oxidative 
demethylation to give the o-benzoquinone 131 19 °; the latter is in prototropic equilibrium 
with the quinone methide 132. and intramolecular electrophilic aromatic substitution of the 
methylenedioxyaryl ring would give the catechol 133. Remarkably, under the same con¬ 
ditions but in the absence of boron trifluoride etherate, only the catechol 133 is obtained 
(66%). In another unusual reaction, the 1,7-diarylheptanoid 135 was oxidized with TTFA to 
the 14-oxa-[7,l ]-metaparacyclophane (136) [Eq. (69)] and TTFA was reported to give the 


OCH 3 
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cleanest reaction of the various one- and two-electron oxidants examined. 191 Compound 136 
was the first example of its type to be prepared synthetically, and this general approach may 
prove to be valuable for the synthesis of naturally occurring w,m-bridged biaryls. Clearly, 
however, much more detailed studies of these and related reactions will be necessary before 
any attempt can be made to define the full utility of the reactions. 


3. EXPERIMENTAL CONSIDERATIONS AND PROCEDURES 

The two most important thallium(III) salts used as oxidants in organic synthesis. 
thallium(III) trifluoroacetate 192 and nitrate, 193 are commercially available.* 

Thallium!Ill) trifluoroacetate and nitrate are highly toxic, but do not present the 
explosive hazard associated with thallium!Ill) perchlorate. They may be safely handled using 
prudent laboratory procedures. 193 Rubber gloves and laboratory coats should be worn and 
reactions should be carried out in an efficient hood. Thallium wastes should be collected and 
disposed of separately. 3 For information on an antidote for thallium poisoning see Ref. 194. 

2,2'-Dibromo-4,4',5,5'-tetramethoxybiphenyi. 195 4-Bromoveratrole (4.34 g, 0.02 mol) 
was added in one portion to TTFA (5.5 g, 0.01 mol) in trifluoroacetic acid (TFA) (25 ml) at 
room temperature. The solution immediately turned deep red in color and became warm, 
and a colorless solid precipitated within a few minutes. The mixture was stirred for 10 min, 
then poured into water and the resulting mixture was extracted with CHC1 3 . The CHClj 
extract was passed through a short column of alumina using petroleum ether (bp 
40-60°C)/CHC1 3 (1:1) as eluent to remove highly colored polymeric materials. Evaporation 
of the eluent under reduced pressure followed by crystallization of the residual solid thus 
obtained from petroleum ether (bp 100-120°C(/toluene gave pure 2,2'-dibromo-4,4',5,5'- 
tetramethoxybiphenyl (3.48 g) as colorless needles, mp 159-160°C (lit, 196 mp 157-159°C). 
Concentration of the mother liquors gave 4-bromoveratrole (0.35 g, 8% recovery). The yield 
of biaryl based on 92% conversion of the starting material is 88%. 

(±)-3-Methoxy-N-Acetylnornantenine (23) and (±)-6a,7-Dehydro-3-methoxy-N- 
acetylnornantenine. 197 A solution of TTFA (280 mg, 0.52 mmol) in TFA (120ml) was 
cooled to 0'C and a solution of l-(3',4'-methylenedioxybenzyl)-2-acetyl-5,6,7-trimethoxy- 
1,2,3,4-tetrahydroisoquinoline (200 mg, 0.5 mmol) in CH 2 C1 2 (5 ml) and BF 3 -Et,0(l ml) 
was added quickly. The reaction mixture was stirred at 0°C for 3 h; the solvent was then 
removed under reduced pressure, water was added to the residue, and the mixture was 
basified with diluted NH 4 OH solution. Extraction with CHC1 3 until no color was apparent 
in the extract, followed by drying over K. 2 C0 3 and evaporation, gave an oily residue which 
was purified by preparative TLC (benzene/Me 2 CO 8:1) to give pure 23, 81 mg (40%), R, 
0.39, mp 175-177°C (lit, 19 *mp 174-175°C) and (± )-6a,7-dehydro-3-methoxy-/V- 
acetylnornantenine, 62 mg (31%), R, 0.50, mp 235°C; uvA m „(EtOH) (loge) 206(4.31), 
263(4.63), 284(4.26), 324(3.89) nm; ir (KBr) 1638 cm-'; NMR (CDC1 3 ) 5 8.99, 8.54, 7.91 
(3 s, 3 H, 3 ArH), 6.08 (s, 2 H, OCH 2 0), 4.10, 3.95, 3.90 (3 s, 9 H, 3 OCH 3 ), 3.23 (m. 4 H, 
2 CH 2 ), 2.41 (s, 3 H, NAc). Analysis, calculated for C 22 H 2 ,N0 6 : C, 66.83; H, 5.35; N, 3.54; 
found: C, 66.75; H, 5.41; N, 3.33%. 

(5aR,8aSJ3a,I3bR)-2,3.11,12-Tetramethoxy-5,6.7,8-tetrahydrobisbenzo(a,cjcycloocteno 

[6.7-c/-2-tetrahvdrofuranone (37). 11 A solution of matairesinol dimethyl ether (0.10 g, 
0.26 mmol), mp 129-130°C (lit, 199 mp 126.5-127°C) in CH 2 C1 2 (5 ml) and freshly distilled 
BFj-Et-O (0.12 ml, 1.02mmol) were added to an ice-cooled stirred suspension of 
thallium!Ill) tra-trifluoroacetate (0.18 g, 0.34 mmol) in CH 2 C1 2 (5 ml) under N 2 . The 
mixture was stirred at room temperature for 40 h and then treated with an aqueous solution 


* For example, from the Aldrich Chemical Co. Ltd. 

’ Solid wastes should be collected in an appropriate solid waste container and liquid wastes in suitably 
labeled bottles or cans. These wastes may be buried in deep pits after covering with sand. 
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of KI (0.10 g. 0.52 mmol). Stirring was continued for 30 min. the mixture was basified with 
Na 2 CO,. and sodium disulfite (0.20 g) was added. The mixture was filtered and the residue 
was washed thoroughly with CHC1,. EtOAc was added to the combined filtrate and 
washings and the solution was washed with water, dried (brine, Na 2 S0 4 ), and the solvents 
were removed. Preparative t.l.c. (CHCl,:PhH.4:l) gave 37 which crystallized from CHCl, as 
needles (82 mg), mp 194-197'C. [»] D 211.5° (CHCl,); uv/. max 218. 250(sh), 279. 292(sh) 
nm: ir v max 2950. 1780. 1720, 1600. 1500, 1450, 1250. 1150,' 1120. 1000cm-’: ’H NMR 
(CDC1, ; 60 MHz) <5 2.00-2.80 (br, 4 H, H-5,9), 3.18 (d, i 5aSa 13 Hz, 2 H. H-5a,8a), 3.94, 
3.98 (2s, 12 H, OCH,). 4.33 (dd, J obs 11 Hz. 5 Hz. 1 H. H-8). 4.38 (t, J otK 7 Hz. 1 H. H-8). 
6.75-6.80 (m, 4 H, aryl-H); U CNMR (CDCl,; 15 MHz) <5 32.1 (t, C-5), 34.2 (t, C-9), 46.9 
(d, C-5a). 50.1 (d, C-8a), 56.0 (q, OCH 3 ), 70.1 (t, C-8), 111.9 (d, C-10), 112.2 (d, C-4), 114.1 
(d, C-13), 114.3 (d, C-l), 131.0 (s, C-9a), 132.0 (s. C-4a). 132.5 (s, C-13a, 13b), 147.3 (s, C- 
2,12), 148.8 (s, C-l 1), 148.9 (s. C-3), 176.5 (s. C-6); MS m/e (70 eV) 384 (M + ), 369. 299, 
285. Analysis, calculated for C 22 H 24 0 6 : C, 68.7; H, 6.3; found: C, 68.4; H, 6.3%. Reaction 
for 18 h gave 37 in 51 % yield. 

General Procedure for TTFA Oxidative Cyclizations .” Thallium(III) trifiuoroacetate 
(TTFA, 1.1 equiv, 0.60g/mmol of substrate) was dissolved in TFA, 4-5 ml/mmol of sub¬ 
strate) and the solution diluted with CH,C1 2 (16-20 ml/mmol of substrate). BF 3 Et 2 0 
(0.5 ml/mmol) was added, and the temperature of the mixture was adjusted to — 20°C, under 
a stream of nitrogen, by means of a dry ice/CCl 4 bath. A solution of the appropriate sub¬ 
strate (arylalkanoic acid or arylalkanol) in a minimum volume of CH 2 C1 2 and a little TFA, 
if needed for solubility, was added at once to the cooled and vigorously stirred mixture. After 
the specified period of time the reaction mixture was rapidly quenched with /-butyl alcohol 
(10 ml/mmol) and allowed to come to room temperature. The mixture was then washed with 
water (4 x 25 ml/mmol) followed by saturated aqueous base (25 ml/mmol of Na 2 C0 3 with 
naphthalenylalkanoic acids; otherwise NaHCO,). When arylalkanoic acids were used as sub¬ 
strates, unreacted starting material was often recovered by acidification of these basic 
extracts; otherwise, they were discarded. The remaining organic solvent layer was dried over 
anhydrous Na 2 S0 4 and evaporated and the residue chromatographed (silica gel, preparative 
TLC, or column), or in some cases filtered and the product recrystallized. All reported 
products were isolated pure, as determined both by NMR and by TLC, unless otherwise 
noted. 

6,7-Dimethoxy-i,4-dihydrocoumarin (46). 3-(3,4-Dimethoxyphenyl)propionic acid was 
oxidized by the general procedure: 1 mmol scale, 5-10 s reaction time. The crude reaction 
product was separated by preparative TLC (5% Me 2 CO/CHCl 3 ): R f 0.15; yield, 38%; mp 
(benzene/pentane) 84-86°C; ir (CHC1 3 ) 1760cmNMR (CDC1 3 ) <5 6.67 (s, 1 H), 6.62 (s, 

1 H), 3.80 (s, 6 H), 2.65-3.05 (m, 4 H). Analysis, calculated for C M H 12 0 4 : C, 63.45; H, 5.81; 
found: C, 63.37; H, 5.66%. 

7-Methoxy-l-oxaspirof5.4]deca-6,9-diene-2,8-dione (41). Isolated in 19% yield from 
the above preparative TLC; R f 0.44; mp (benzene/pentane) 86-89°C; ir (CHCl,) 1792, 1781, 
1688, 1652, 1626 cm “ NMR (CDC1 3 ) <5 6.87 (d d, 1 H, J 3. 10 Hz), 6.24 (d, 1 H, J 10 Hz), 
5.78 (d, 1 H, J 3 Hz), 3.71 (s, 3 H), 2.25-3.00 (m, 4 H). Analysis, calculated for C, 0 H 10 O 4 : 
C, 61.85; H, 5.19; found: C, 61.61; H, 5.32%. 

Compound (47) was also isolated (40% yield) by oxidation of 3-(4-acetoxy-3- 
methoxyphenyl)propionic acid at room temperature: 1 mmol scale. 15-20s reaction time. 

Reaction of 2-(4-Methoxyphenoxy)benzoic Acid ( 63a; with TTFA. 16 A solution of 
TTFA (3.8 g, 6.9 mmol) in TFA (15 ml) was treated with CH 2 C1 2 (75 ml) and BF 3 Et 2 0 
(5ml) and cooled below — 25°C. To the vigorously stirred mixture was added a solution of 
2-(4-methoxyphenoxy (benzoic acid (63a) (1.12 g, 4.6 mmol) in CH 2 C1 2 (20 ml) in one por¬ 
tion. The dark red mixture was stirred at —20 to — 25°C for 12 min and was poured into ice 
water (200 ml). The organic layer was separated, washed with H 2 0, and extracted with 5% 
NaHCO, (2 x 25 ml), dried (Na 2 S0 4 ), and evaporated. The residue was dissolved in a little 
CH 2 C1 2 and applied to a column of alumina (15 g). Elution with CH 2 C1, (75 ml) gave, after 
evaporation, a nearly white solid (64a). mp 155-159°C, 0.56 g (53%). An analytical sample 
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had mp 160-162"C after recrystallization from CHXU-petroleum ether (40-60); ‘HNMR 
(60 MHz, CDCI 3 ) <5 8.08 (dd, J 7.5, 2.0 Hz, 1 H), 7.85-6.95 (complex, 5 H), 6.34 (d, J 10 Hz, 
2 H). 

General Procedure for Oxidative Coupling of Cinnamic Acids with ThalliumfIII) 
Trifluoroacetate (TTFA)} m The cinnamic acid (20 mmol) in CH 2 C1 2 /TFA (4:1, 30-35 ml) 
was added all at once to a rapidly stirred solution of TTFA (10.6g, 20mmol) in 
CH 2 C1 ; /TFA (4:1, 500 ml) and BF, ■ EuO (4-5 ml) at room temperature. The deep red 
reaction mixture was quenched immediately* with /-butyl alcohol (100 ml). Water (200 ml) 
was added and the CH : C1 2 layer was separated. The remaining aqueous solution was extrac¬ 
ted with CHC1 3 , and the combined organic layers were washed with water (4 x 200 ml) and 
saturated aqueous NaHCOj (3 x 100 ml), dried over Na 2 S0 4 , and evaporated. The oily 
residue was then filtered through a short column packed with alumina ( maximum 6-7 g) 
covered with silica gel ( maximum 12-14 g), with CHClj as eluent. The crude product was 
triturated with a few milliliters of warm EtOH and the resultant mixture treated dropwise 
with pentane until precipitation ceased. The solid thus obtained was collected by filtration 
and washed with cold Et 2 0 to give the pure (TLC) 2,6-diaryl-3,7-dioxabicyclo[3.3.0]octane- 
4.8-diones. Yields are based on recovered starting material. 

2,6-Bis(3,4,5-trimethoxyphenyl )-3,7-dioxabicyclo[3.3.0 j octane-4,8-dione f79b). From 
3,4,5-trimethoxycinnamic acid; R f (5% Me 2 CO/CHCi 3 ) 0.56; mp 195-198°C (lit. 200 mp 
195-196°C); 54% yield; ir (CHCi 3 ) 1780cm" 1 ; NMR (CDC1 3 ) d 6.51 (br s, 4 H), 5.87 (br s, 
2 H), 3.85 (s. 12 H), 3.82 (s, 6 H), 3.57 (br s, 2 H). 

Octaethyloxophlorin (88y. 21 Treatment of the magnesium or zinc porphyrins (87a, 87b) 
with thallium trifluoroacetate gives high yields of the oxophlorin (88). Typically, zinc 
octaethylporphyrin (87b; 415 mg) in dry THF (30 ml) and CH 2 C1 2 (100 ml) was treated with 
a solution of TTFA (480 mg, 1.25 equiv.) in THF (20 ml) and the mixture stirred at room 
temperature for 1 min. Water (0.25 ml) in THF (10 ml) was then added (solution turned 
from purple to red) and the solution was stirred for a further 10 min. After brief treatment 
with sulfur dioxide [Tl(III) salts —*■ T1 (I) salts] the mixture was stirred for 5 min with con¬ 
centrated HC1 (2 ml) and then the products were extracted into CHC1 3 which was dried 
(Na 2 S0 4 ) and evaporated to dryness. Chromatography on Brockmann grade III alumina in 
CH 2 C1 2 gave octaethyloxophlorin (88, 302 mg; 79%) after crystallization from 

CHXU/MeOH. mp 254-256°C, (lit. 201 mp 255°C). Analysis, calculated for C 36 H 46 N 4 0: C, 
78.50; H, 8.42; N, 10.17: found; C. 78.54; H, 8.30; N, 10.23%. 

General Procedure for the Oxidation of Olefins with TTN-Methanol' 9 
(Scheme 7). Thallium(III) nitrate trihydrate (4.4g, 0.01 mol) was dissolved in MeOH 
(50 ml) and the olefin (0.01 mol) was added. The reaction mixture was stirred at room tem¬ 
perature or heated until a starch-iodide test indicated complete reduction of Tl(III) to T1(I) 
(with cyclic olefins and styrenes, reaction was complete within a few minutes). The reaction 
mixture was then filtered, and an alcoholic solution containing 2,4-dinitrophenylhydrazine 
(0.01 mol) was added to the filtrate. The resulting mixture was evaporated to one-third of its 
volume and, after addition of water (10 ml), heated on a steam bath for 10 min. After cooling 
to 0°C, the 2,4-dinitrophenylhydrazone of the carbonyl compound was collected by filtration. 

On a preparative scale, the reaction mixture was filtered from precipitated thallium! I) 
nitrate, the filtrate evaporated to a small volume, and the resulting mixture of the carbonyl 
compound and its acetal (or ketal) heated on a steam bath for 30 min with an excess of 5% 
sulfuric acid. The free carbonyl compound was isolated by Et 2 0 extraction followed by final 
distillation or crystallization. 

(■¥)-( lS,5S)-Bicyclo[3.2.1 j-2-octanone i9 [see Eq.(I4)J. Triphenyimethylphos- 
phonium bromide 202 (17.9 g, 0.05 mol) in dry dimethyl sulfoxide (50 ml) was added under 
nitrogen to sodium hydride (1.2 g, 0.05 mmol) in dimethyl sulfoxide 203 ( 25 ml). To this was 
added a solution of (+ )-2-norbomanone (2.8 g, 25 mmol, 96% optically pure) in dimethyl 

* It is of utmost importance that the rapid addition of /-butyl alcohol take place less than 1 s after 
addition of the substrate. 
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sulfoxide (20 ml). The mixture was heated at 50°C for 3 h and was then poured into water 
(120 ml) and extracted with redistilled pentane (4 x 5 ml). The combined organic phases were 
washed with 50% aqueous dimethyl sulfoxide (30 ml) and then with brine (3 x 30 ml), dried 
(MgS0 4 ), and concentrated carefully to 20 ml. Two severe fractional distillations yielded 
(+ )-(lS,4R)-2-methvlenenorbornane (1.15 g): bp 122"C (760 Torr):[a]p + 97.4° (c 1.7 in 
MeOH) (lit. 204 bp [of (± )] 123°C (755Torr)]. 

Thallium trinitrate trihydrate (3.7 g, 8.3 mmol) in MeOH (20 ml) was added with stir¬ 
ring at —10°C to (+ )-(lS,4/?)-2-methylenenorbornane (900mg, 8.3 mmol) dissolved in 
MeOH (25 ml). After being stirred at — 10°C for 30 min the mixture was filtered and concen¬ 
trated. Et : 0 (50 ml) was added and then 2 N HC1 (50 ml), the resulting mixture was shaken 
well, and the phases were separated. The aqueous solution was reextracted with Et,0 
(3x50ml) and the combined Et 2 0 layers were dried (MgS0 4 ) and evaporated. The oil 
obtained was adsorbed onto a silica column (15 x 2.5 cm), washed with benzene, and eluted 
with EuO-benzene (1:6). The remaining trace impurities were removed by treatment with 
charcoal followed by steam distillation and sublimation to give (+ )-(lS,5S)-bicyclo[3.2.1 ]- 
2-octanone, mp 120-123°C, [a]^ 5 + 142.9° (c 2.6), which extrapolates to + 149° for the pure 
enantiomer (lit. 205 [a]^ 5 + 130°). 

J-Ethyl-2-benzosuberone 4S ' 206 [see Eq. (18)]. To a solution of TTN.3H 2 0 (4.5 g, 
0.01 mol) in MeOH (40ml) was added, in one portion with stirring, 1-propylidenetetralin 
(1.72g, 0.01 mol). After 1 min, the reaction mixture was diluted with CHC1 3 (30ml) and 
filtered. The filtrate was neutralized with aqueous NaHC0 3 , washed with water, dried 
(anhydrous MgS0 4 ), and concentrated under reduced pressure to give a crude product 
which was distilled (bp 84-86°C/0.01 mm Hg) to yield l-ethyl-2-benzosuberone (1.8 g, 96%); 
NMR (CDClj) 5 0.89 (t, J1 Hz, 3 H), 1.47-2.27 (m, 4 H), 2.27-2.68 (m, 2 H), 2.68-3.07 (m, 
2 H), 3.68 (t, J 7 Hz, 1 H), 7.14 (s, 4 H). Analysis calculated for C, 3 H 16 0; C, 82.93; H, 8.56; 
found; C, 82.75; H, 8.50%. 

2'-Benzyloxy-7-hydroxy-4'-methoxyisoflavone 9< ’ [see Eq.(25)J. Thallium(III) nitrate 
(1.12 g), 2-benzyloxy-2',4'-bis(methoxymethoxy)-4-methoxychalcone (1.32 g), and MeOH 
(150ml) were stirred for 30min, 3./VHC1 (10ml) was added, and the mixture refluxed for 
5 h 207 and filtered hot. The product crystallized as needles (800mg, 75%), mp 226-228°C, 
MS m[e 374 (41 %, M + ). Analysis calculated for C 23 H lg O s : C, 73.8; H, 4.9; found: C, 73.6; 
H, 5.0%. 

Reaction of Chalcones with TTN in Methanol. General Procedure . l0 ° A solution of the 
chalcone (0.01 mol) in MeOH (25 ml) was added to a solution of TTN-3H 2 0 (5.0g, 
0.011 mol) in MeOH (50ml) containing 70% HC10 4 (5 ml), and the reaction mixture was 
stirred at room temperature for 4-25 h. A small amount of sodium bisulfite was then added 
to ensure complete reduction of Tl(III), and the mixture was cooled and filtered through a 
sintered-glass filter to remove T1NO,. The filtrate was diluted with water (100 ml) and 
extracted with CHC1 3 (3x50ml). The combined extracts were washed with saturated 
NaHC0 3 ( 50ml) and water (50ml) and dried (Na 2 S0 4 ). Evaporation under reduced 
pressure then gave the crude product, which was examined by NMR. In chalcones where the 
migratory aptitude (MA) of the Ar ring is high, 3,3-dimethoxy-l,2-diarylpropan-l-ones (keto 
acetals) are the only products, and they may be recovered in good yield by recrystallization 
from an appropriate solvent (for details see Ref. 100). In chalcones where the MA of the Ar 
ring is only moderate or poor, however, the crude reaction products are a mixture of the 
keto acetal and methyl 2,3-diaryl-3-methoxypropanoates (esters); the former could often be 
obtained pure from the mixture in moderate yield by recrystallization, usually from MeOH. 

Reaction of Chalcones with TTN in Trimethvl Orthoformate (TMOF) (Scheme 8). 
General Procedure. 100 A solution of TTN-3H 2 0 (5.5 g, 0.011 mol) in TMOF (25 ml) was 
added to a solution or slurry of the chalcone (0.01 mol) in TMOF (35 ml), and the mixture 
was stirred at room temperature for 4-25 h [until the disappearance of Tl(III), as monitored 
by starch-iodide paper] and then worked up as described above except that Et 2 0 rather 
than CHC1 3 was used in the extraction. 

Reaction of Chalcone Ketals with TTN in TMOF. General Procedure. 100 Chalcone 
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ketals were prepared in situ by stirring the chaicone (0.01 mol) with 2-6 g of Dowex 50W-X4 
cation-exchange resin in TMOF (35 mi) at room temperature. After ketal formation was 
complete (15-24 h, as determined by TLC monitoring using CHCI 3 and silica gei plates), the 
reaction mixture was filtered into a solution of TTN-3H 2 0 (5.0 g, 0.011 mol) in TMOF 
(20 ml). After the oxidative rearrangement was complete [6-24 h, as determined by the dis¬ 
appearance of Tl(III)], a small amount of sodium bisulfite was added, followed by Et 2 0 
(200-300ml), and the reaction mixture was chilled and filtered to remove TIN0 3 . It was 
then worked up as described above. The methyl 2,3-diaryl-3-methoxypropanoates, which 
were obtained crude (90%-98% purity by NMR) in almost quantitative yield, were 
recrystallized from MeOH for analysis. 

General Procedure for the Preparation of Aryl Malonaldehvdic Acid Dimethyl Acetals' 011 
[Eq, (32)}. The appropriate methyl cinnamate (0.01 mol) was dissolved in a solution of 
TTN (4.5 g, 0.01 mol) in trimethyl orthoformate (25 ml); for examples not incorporating a 
nuclear alkyl or aikoxy group, use of 5.6 g (0.0125 mol) of TTN was found to lead to more 
rapid, specific conversions. The resulting solution was either stirred at room temperature or 
heated under reflux with stirring for 4-73 h, and then cooled to room temperature, par¬ 
titioned between Et.O and saturated aqueous NaCl solution, and washed with saturated 
aqueous NaHCOj solution, and saturated NaCl solution. The Et 2 0 layer was separated, 
dried (MgS0 4 ), filtered, and evaporated to dryness to yield the crude product. 
Crystallization or distillation provided the pure material. 

General Procedure for the Oxidation of Acetophenones with Tl(NO } ) 3 TTN l0} [see 
Eq. (34)J. The acetophenone (0.01 mol) was added to a solution of TTN (0.01 mol) in 
MeOH (25 ml) containing 70% HC10 4 (5 ml), and the mixture was stirred at room tem¬ 
perature for the appropriate period. The thallium(I) nitrate which precipitated was removed 
by filtration; the filtrate was diluted with water, extracted with CHC1 3 (2x25 ml), dried 
(Na 2 S0 4 ), concentrated, and chromatographed on acid-washed alumina using benzene as 
eluent. The product obtained on concentration of the eluate was distilled to give the pure 
methyl arylacetate. Where mixtures of products were obtained (as shown by either NMR or 
GLPC), the mixture obtained after chromatography was heated under reflux with 
2 N NaOH solution for 2 h. Decantation of the aqueous phase followed by acidification with 
concentrated HC1 gave the crude arylacetic acid as a colorless solid which was purified by 
crystallization from EtOH or water. 

General Procedure for the Preparation of at-Nitrato Ketones 122 (Scheme II) . A 
solution of the ketone (10 mmol) in MeCN (5 ml) was added in one portion to a solution of 
TTN (20 mmol) in MeCN (25 ml), and the mixture was heated at 60-80°C for 12 h. It was 
then cooled and the precipitated thallium! I) nitrate was collected by filtration and washed 
well with Et : 0 (3 x 100 ml). The filtrate was washed with water (2 x 150 ml), dried 
(MgS0 4 ), and evaporated under reduced pressure to give the crude a-nitrato ketone; yields 
were determined by NMR. 

No attempt was made to purify liquid a-nitrato ketones as these are known to be ther¬ 
mally unstable. Solid products were recrystallized from aqueous MeOH for microanalysis. 

\-Nor-2<x-methoxycarbonyl-3-androsten-I7(l-yl Acetate 130 [see Eq.(40)J. T1(N0 3 ) 3 
(1.57 g) was dissolved in a mixture of HC(OCH 3 ) 3 -MeOH (13:10 ml) and the resulting 
solution left under stirring at 0°C for 30 min. After this time, a cold (0°C) solution of 17- 
acetoxytestosterone (0.98 g) in HC(OCH 3 ) 3 -MeOH (20:15 ml) was quickly added to the 
T1(N0 3 ) 3 solution. After some minutes a white precipitate appeared. After 30 min, the reac¬ 
tion mixture was neutralized by adding a solution of saturated Na 2 C0 3 , filtered, and extrac¬ 
ted with Et 2 0. The crude reaction mixture was chromatographed on a silica gel column. 
Elution with 9:1 hexane-EuO gave the title compound (75% yield), plates from hexane with 
mp 120-123°C, [a] D +123'°. ir(CHCl 3 ) v mal 1730cm” 1 ; NMR(CDC1 3 ) S 0.81 (s, 3 H), 0.98 
(s, 3 H), 2.0 (s, 3 H), 3.68 (s, 3 H), 4.60 (m, 1 H), 5.18 (brs, 1 H), W l/2 5 Hz); MS m/e 360 
(parent peak). 

General Procedure for the Oxidation of Diarylacetylenes with TTN-Glvme-Perchloric 
Acid 137 [see Eq. (41)]. A solution of the diarylacetylene (0.01 mol) in glyme (20 ml) was 
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added to a solution of TTN (8.9 g. 0.02 mol) in water (10 ml) containing 70% HC10 4 (5 ml), 
and the reaction mixture was heated gently under reflux for 2-7 h. After cooling, thallium(I) 
nitrate was removed by filtration and the filtrate diluted with water (100 ml). The mixture 
was extracted with CHC1, (2x25 ml), the extracts were dried (Na 2 S0 4 ) and concentrated, 
and the crude product was freed from traces of inorganic thallium salts by passage through a 
short column of acid-washed alumina (2x10cm) using benzene-CHCI 3 (1:1) as eluent. 
Evaporation of the eluate gave the crude benzil, which was purified by crystallization or dis¬ 
tillation. 

General Procedure for the Oxidative Rearrangement of Alkvlarylacetylenes with TTN- 
CH^OH [Eq. (44)]. nl The alkyne (0.01 mol) was added to a stirred solution of TTN 
(4.88 g, 0.011 mol) in MeOH (25 ml), and the mixture was heated under reflux for 2 h. 
Thallium! 1) nitrate was removed from the cooled reaction mixture by filtration, and the 
filtrate was extracted with Et : 0 or CHCI,. The extracts were washed with water and 5% 
aqueous NaHC0 3 solution and dried (Na 2 S0 4 ). The solution was then filtered through a 
short column of Florisil (lOg) using CHCI, as eluent: evaporation of the eluate gave the 
methyl a-alkylarylacetates, which, in every case, were shown to be pure at this stage by 
GLPC. 

Conversion of 5-Pyrazolones into 2-Alkynoic Esters by Treatment with 7TA r<1 ' 181 
[Eq. (45)J. A solution of thallium(III) nitrate (0.021 mol) in MeOH (25 ml) was added to 
a suspension or solution of the 5-pyrazolone (0.010 mol) in MeOH (25 ml), and the reaction 
mixture was stirred for 15 min at room temperature and then for an additional 15 min at 
reflux (water bath). The cooled reaction mixture was filtered to remove precipitated 
thallium(I) nitrate and the filtrate diluted with water and extracted with CHC1 3 . The extracts 
were washed with water, dried over anhydrous Na 2 S0 4 , filtered through a short column of 
Florisil, and evaporated to give the pure (GLPC) 2-alkynoic esters. 

General Procedure for the Conversion of Oximes into Aldehydes and Ketones by Treat¬ 
ment with Thallium(III) Nitrate (TTN)' i$ (Scheme 15). A solution of TTN in MeOH was 
added to a stirred solution of an equimolar amount of the oxime in MeOH at room tem¬ 
perature. Reaction was rapid and nonexothermic, and was complete within a few minutes. 
The precipitated thallium(I) nitrate was removed by filtration, and the filtrate was shaken 
with dilute H 2 S0 4 for a few minutes and then extracted with Et 2 0 or CHC1 3 . The extract 
was dried, concentrated, and filtered through a short column of alumina or silica, using ben¬ 
zene or CHC1 3 as eluent. Evaporation of the solvent followed by distillation or crystallization 
gave the pure aldehyde or ketone. 

Cyclohexanone 2 ' 0 (See Scheme 15). Cyclohexanone oxime (1.13 g, 0.01 mol) was dis¬ 
solved in the minimum amount of glyme (5 ml), and the solution acidified with two drops of 
70% aqueous HC10 4 in water (15 ml). TTN (4.5 g, 0.01 mol) was added to the solution and 
after about 30 s thallium! 1) nitrate had separated as a colorless solid. The reaction mixture 
was stirred at room temperature for 1 h. but there was no further visible reaction. The 
inorganic salt was removed by filtration and the filtrate extracted with CHC! 3 . The combined 
extracts were washed as described above, dried, and the solvent removed to yield a pale 
yellow liquid which was pure by GLPC and had a retention time identical to that of 
cyclohexanone. Distillation gave pure cyclohexanone (0.91 g, 92%). 

9-Methyl-5( 10)-octalin-l ,6-dione-l-ethylene Thioacetal' s<> [Eq.(54)]. Thallium(IH) 
nitrate trihydrate (0.27 g) in MeOH (2 ml) was rapidly added to 9-methyl-5(10)-octalin-i,6- 
dione-1.6-bisethylene thioacetal (0.20 g) dissolved in MeOH (8 ml) and THF (2 ml). A white 
precipitate formed immediately and after 5 min CH 2 C1 2 (10 ml) was added and the 
precipitate was filtered. The solvents were removed from the filtrate in vacuo and the residue 
dissolved in CHC1 3 , washed with H 2 0, dried (MgS0 4 ), and the solvents evaporated to give 
the product (0.15 g), mp 113-114°C*(Et 2 0), ir(Nujol) v mal 1660(C = O), 1615(C = C) cm' 1 ; 
‘H NMR(CDCI 3 ) 5 1.47 (s. 3 H, CH 3 ), 3.24 (s, 4 H), (SCH,CH 2 S), 5.78 (d, J 1.6 Hz, 1 H, 
C = CH) ppm; IJ C NMR(CDC1 3 ) 5 22.2 (q. CH 3 ). 24.3(t), 30.8(t), 31.3(t), 34.4(t), 39.0(t), 
40.3(t, SCH 2 ), 40.6 (t. CH 2 S). 45.6 (s, C-9), 79.7 (s. C-l), 126.0 (d, C-5), 116.2 (s, C-10), 
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198.7 (s, C-6) ppm. Analysis, calculated for CuH^SiO: C, 61.4: H, 7.1; S, 25.2; found: C. 
61.0; H, 7.0; S, 24.9%. 

General Procedure for the Oxidation of Hydroquinones and 2,6-Dialkylphenols with 
TTN 166 [Eq. (60)]. A solution of the hydroquinone (5 mmol) in MeOH (10 ml ) was added 
dropwise to an ice-cold solution of TTN (5 mmol) in MeOH (15 ml). After addition had 
been completed the reaction mixture was stirred for a further 10 min, the thallium(I) nitrate 
which had precipitated was removed by filtration, and the filtrate was partitioned between 
CH 2 C1 2 and saturated aqueous NaCl solution. The organic layer was separated, dried 
(Na 2 S0 4 ), and evaporated under reduced pressure. The crude p-benzoquinone thus obtained 
was purified by chromatography on silica gel or neutral alumina using benzene or 
benzene-CH 2 Cl 2 as eluent. 

Oxidation of 2,6-dialkylphenols to p-benzoquinones was carried out in exactly the same 
manner except that the reaction was performed at room temperature and 10 mmol of TTN 
was used. 

General Method for the Preparation of 4,4-Dialkoxv- and 4-Alkyl-4-alkoxycycIohexa-2.5- 
dienones Using TTN in Alcohols 166 [See Eq. (63)]. A solution of TTN (5 mmol) in the 
appropriate alcohol (15 ml) was added to a stirred, cooled (—20°C) solution of the phenol 
(5 mmol) in the same alcohol (15 ml) and the reaction mixture allowed to warm to room 
temperature. Petroleum ether (60 ml, bp 60-80°C) was then added, the thallium(I) nitrate 
which precipitated was removed by filtration, and the filtrate was passed down a short 
column of basic alumina (8 x 1 in) using either petroleum ether or CH 2 C1 2 as eluent. 
Evaporation of the eluate gave the product, which, in almost all cases, was 
chromatographically and spectroscopically pure as isolated. Most of the compounds could 
be crystallized from either MeOH or petroleum ether, preferably at — 70°C, but only with 
attendant losses in material of up to 75%. 

Oxidation of f 128) with Thallium)III) Trifluoroacetate. 183 To a slurry of 272 mg 
(0.501 mmol) of TTFA (Ventron Corp., Alfa Products; used without purification, but 
weighed and transferred in a dry box under nitrogen) in anhydrous CH,C1 2 (100 ml) was 
added monophenol (128) (128 mg, 0.500mmol), and the mixture was stirred under nitrogen 
at room temperature in the dark for 3 h. The resulting pale yellow solution was concentrated 
under reduced pressure. The residue was dissolved in CHC1 3 and was passed through a 
column of silica gel, eluting with CHC1 3 ; evaporation of the eluate afforded 112 mg (88%) of 
dienone (129) as a yellow solid, homogeneous to TLC (CHC1 3 ). Recrystallization from 
MeOH gave 129 as white crystals, mp 171°C; ir(CHCl 3 ) 6.04, 6.17, 6.68, 6.78, 8.11, 9.63, 
10.66, 11.41, 11.65 pm; NMR (CDC1 3 ) 5 1.97 (m, 4H), 2.82 (m, 2H), 5.85 (s, 2H), 6.23 (d, 
2H, J 10 Hz), 6.40 (s, 1 H), 6.60 (s, 1 H), 6.97 (d, 2 H, J 10 Hz). Analysis, calculated for 
C, 6 H, 4 0 3 : C, 75.59; H, 5.51; found: C, 75.26; H, 5.42%. 
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TTN-glyme-perchioric acid (Ref. 137/1973), the procedure for the oxidative rearrangement of 
alkylarylacetylenes with TTN/methanol (Ref. 137/1973), the conversion of oximes into 
aldehydes and ketones by treatment with TTN (Ref. 145/1971), the procedure for oxidative 
coupling of cinnamic acids with TTFA (Ref. 18/1981), the procedures for reaction of 
chalcones with TTN in methanol or trimethyl orthoformate, and for reaction of chalcone 
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Oxidations With Lead Tetraacetate 


Mihailo Lj. Mihailovic, Zivorad Cekovic, and Ljubinka Lorenc 
1. INTRODUCTION 

Lead tetraacetate (LTA), Pb(OAc) 4 , is one of the most versatile oxidants in organic 
chemistry. Depending on the reaction conditions and nature of the substrate, it can be used 
for selective and partial oxidations of various reactive groupings, but also—and this is of 
primary importance—for the functionalization of nonactivated carbon atoms. The versatility 
of LTA originates from its properties: it can act as a radical and/or ionic oxidant and par¬ 
ticipate in processes involving substitution, elimination, addition, or fragmentation reactions, 
depending on the functionality and experimental conditions. 

The manifold applications of LTA during the last few decades have been, naturally, 
reflected in the publication of numerous papers and review articles. The general scope of 
LTA as an oxidant has been reviewed by Rubottom, u Butler, lb Rotermund, 2 and Criegee, 3 
while Fieser and Fieser 4 have discussed useful synthetic applications of this reagent. Other 
published reviews are more specific and deal with LTA oxidations of hydroxylic compounds, 
including intramolecular oxidative cyclization of alcohols to tetrahydrofuran derivatives, 5 " 9 
glycol cleavage, and oxidations of sugars 1011 and phenols 12 ; oxidative transformations of 
olefins 13 and decarboxylation of acids 14 by LTA and their synthetic value have been dis¬ 
cussed in detail, and the reactions of LTA with organic nitrogen compounds in general, 15 
and particularly with azomethines, 16 oximes, 17 hydrazones, 18 as well as oxidative cyclizations 
of hydrazone-type derivatives 19 have also been surveyed. 

LTA is commercially available or can be readily prepared in the laboratory from red 
lead oxide (Pb 3 0 4 ), acetic acid, and acetic anhydride. 20 ” 23 Pure LTA is colorless and 
crystallizes in the monoclinic form from acetic acid. 3 It is very hygroscopic, reacting rapidly 
with water to give brown lead dioxide (Pb0 2 ); it decomposes upon heating over 140°C 
(completely at about 175°C), 24 and loses gradually its oxidizing activity when exposed to 
sunlight. 25 Therefore, it is best stored under 10°C in the dark in the presence of about 10% 


Mihailo Li. Mihailovic, Zivorad Cekovic. and Ljubinka Lorenc • Department of Chemistry, 
Faculty of Science, University of Belgrade, and Institute of Chemistry, Technology and Metallurgy, 
YU-11001 Belgrade, Yugoslavia. 


741 




742 


Mihailo Lj. Mihailovic et a l. 


of dry acetic acid. However, for some reactions it is necessary to remove acetic acid by drying 
the reagent in vacuo over potassium hydroxide and phosphorous pentoxide for several days. 
Depending upon the starting material, functionality, and desired reaction course, oxidation 
with LTA can be carried out in different types of solvents, such as acetic acid, benzene, 
chloroform, methylene chloride, carbon tetrachloride, chlorobenzene, nitrobenzene, 
acetonitrile, dimethyl sulfoxide, and others, while alcohols and water cannot be used 
(because of alcoholysis and hydrolysis), except in some special cases. The purity of LTA can 
be determined iodometrically, whereas the concentration of the reagent in solution in the 
course of reaction can be monitored spectrometrically, by potassium iodide-starch testing 
paper or by spot test with leucomalachite green. 

LTA shows no “ester-type” carbonyl groups in its IR spectrum, suggesting that each 
oxygen of the four acetoxy groups is equivalent and that these acetate groups are ionically 
associated around the lead(TV) atom, forming, in the solid state, a distorted cubic 
structure. 26 


2. HYDROCARBONS 

2.1. Saturated Hydrocarbons 

The resistance of saturated hydrocarbons towards LTA attack very often allows their 
use as solvents in LTA oxidations, the nonactivated carbon-hydrogen groups being almost 
unreactive in straight-chain or branched acyclic hydrocarbons. 27 However, if reaction with 
alkanes proceeds, it usually results in substitution by an acetoxy group, dehydrogenation, or 
skeletal rearrangement. Cyclohexane was thus converted to cyclohexyl acetate in low yield by 
prolonged treatment with LTA under irradiation conditions (20-25°C) or at higher tem¬ 
perature (80°C). 28 However, induced oxidation of cyclohexane by using short-chain alcohols 
and LTA affords cyclohexyl acetate in higher yield. 29 


2.1.1. Mechanism 

The acetoxylation of saturated hydrocarbons by LTA in the presence of short-chain 
alcohols is considered to proceed via alkoxy radicals as transient intermediates, which 
abstract a hydrogen atom from cyclohexane [Eqs. (lH 4 )]. 29 


R —OH + Pb(OAc) 4 — 

—* RO — Pb(OAc)j 

(1) 

RO — Pb(OAc) 3 — 

—► RO' + 'Pb(OAc)j 

(2) 

RO- + C>- 

—► roh-h^). 

(3) 

<^).+ Pb(OAc)„ — 

— OAc 

(4) 


2.1.2. Scope and Limitations 

Lead tetra(trifluoroacetate) is a more powerful oxidizing agent for nonactivated C-H 
groups. Thus, in the reaction with n-heptane, a mixture of isomeric n-heptyl trifluoroacetates 
was obtained in over 45% yield. 30 

Saturated hydrocarbons possessing a cyclopropane ring undergo ring cleavage in the 
reaction with LTA. In bicyclic hydrocarbons of the [n.1.0] type 1 the facility of 
cyclopropane C-C bond cleavage increases with increasing strain of the system. There are 
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two ways for cyclopropane ring opening, internal (i) and external (e), and it was found that 
internal bond cleavage increases with decreasing ring size. 31 '” 

External bond cleavage of the cyclopropane ring (e) occurs by electrophilic attack of the 
lead salt on the strained ring with formation of an organo-iead intermediate of type 2, which 
is subsequently solvolyzed to /ra/w-2-acetoxymethylcycloalkyl acetate 3. 31 On the other 
hand, internal bond cleavage (i) involves organo-lead species 4, which upon solvolysis 
involving the corresponding carbenium ions, afford unsaturated acetates 5 and 6 and a 
mixture of cis- and trans- 1,3-diacetates 7. 31 


LTA 

AcOH <e) 



Pb(OAc), 

OAc 



OAc 

OAc 


I 2 3 

n = I 0% 

n = 2 24% 

n = 3 69% 


(0 


LTA/AcOH 



4 

5 

6 

7 


25% 

36% 

39% 


24% 

27% 

24% 


9% 

11% 

7% 


Aryl substituted cyclopropanes are also cleaved by LTA, yielding 1,3-diacetates 8 and 10 
and unsaturated monoacetates 9. 34 ~ 36 On the basis of kinetic evidence, these cleavage reac¬ 
tions were considered as over-all second-order reactions proceeding via a concerted 
mechanism, in which the cyclopropane ring coordinates with lead(IV) before C-C bond 
breaking. 34 

OAc 

Ph-<] Ph / ' v/X OAc + Ph / ^' / '" N OAc 

8 9 

63% 32% 


+ Ph 


< 

10 

5% 


OAc 

OAc 


2.2. Unsaturated Hydrocarbons 

As an electrophilic and radicophilic oxidizing agent, LTA reacts with olefins in two 
major ways: addition of an oxygen function to the double bond or substitution of hydrogen 
at the allylic position. 37 In addition to these two general types of LTA oxidations of olefins, 
depending on the structure of the substrates, other reactions, such as skeletal rearrangement, 
double bond migration, and C-C bond cleavage, can occur leading to complex mixtures of 
products. 13 


c=c-c «-c=c-c-► c-c-c 


o 


H 


O O H 
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SCHEME 1 


C = C-C 
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(AcO)',P(j h 

111 
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C-C -C 


AcO Pb(OAc), 
1 H 


-c-c-c 

I I 

(AcO),Pb H 

Ub 


c-c-c 


(AcO),Pb H 

11c 


c -c=c 
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Pb(OAc), 


c-c=c 


AcO OAc 


OAc 


2.2.1. Mechanism 

The initial step in the LTA oxidation of olefins probably involves electrophilic addition 
of + Pb(OAc), with formation of an intermediate 11a, indicated by the isotopic distribution 
observed in the LTA oxidation of I3 C-cyclohexene. 37,38 Nonstereoseiective addition of 
acetoxy groups and the allylic rearrangement support the carbenium ionic structures lib and 
11c (Scheme 1). 


2.2.2. Scope and Limitations 


2.2.2a. Acyclic Olefins. Oxidations of acyclic olefins with LTA have not been exten¬ 
sively investigated. In the reaction of LTA with mono- and disubstituted acyclic olefins three 
competitive reactions, namely, 1,2-acetoxylation, allylic substitution, and allylic migration, 
can occur, and complex mixtures of products, without much synthetic value, are usually 
obtained. 27 ' 39 ' 40 Isobutylene reacts readily with LTA in acetic acid affording the glyoxylic 
acid derivative 12 as a principal product, along with a small amount of the 1,2-diacetoxy 
compound 13. However, by using acetic acid containing water, the major product was the 
monoacetate of isobutylene glycol 14. 39 The formation of the diol monoacetate 14 probably 
involves attack of HO - on the intermediate 11, this being supported by the fact that the use 


CHj 


C = CH 


CHj 


CH, O CH, 


LTA 


AcOH 


AcOH 

H,0 


C —CH, —OCOCH(OAc), + 

/I ‘ 

CHj OAc CHj 


12 


CH, 


\ 


C —CH,OAc 


C —CH,OAc 

'I 

OAc 

13 


CHj OH 

14 


of methanol as nucleophile in the LTA oxidation of alkenes results in the formation of mono- 
and dimethyl ethers 15 and 16. 40 

The LTA oxidation of styrene and derivatives involves several competing reactions. 
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c 6 h 13 -ch=ch 


lta 

CHjOH 


C*H 


13 


C-CH 2 -OCH 3 + C 6 H, 3 -C-CH : OAc 


OCHj OCHj 

15 16 

52% 12% 


+c 6 h 13 -c-ch 3 

t! 

o 

23% 


depending on substrate and reaction conditions. Thus, styrene and 1,1-diphenylethylene react 
with LTA in boiling benzene to give, unexpectedly, products resulting from the addition of a 
methyl and an acetoxy group to the double bond, 41 while styrene and (£)-/i-methylstyrene in 

Ph—CH = CH, LTA - . Ph-CH-CH,-CH 3 
c # h 6 I - 3 

OAc 

Ph 2 C = CH, , LT * - . Ph,C —CH, —CH 3 

j 

OAc 


Ph H 


C=C 


LTA 

AcOH 


Ph-CH-CH-CHj + Ph-CH CH-CH 3 


H CH, AcO OH, 


O CH 2 

\ / 
c 

o 


acetic acid give a methyl acetate adduct and a y-lactone as main reaction products. 414 The 
LTA reaction of p-methoxy styrene in acetic acid at room temperature affords in high yield 
the 1,1-diacetate 17, while at reflux temperature the y-lactone 18 and the acetoxymethyl com¬ 
pound 19 are obtained as major products. 42 ' 43 


CHjO 


CH = CH 2 


LTA, AcOH 
45’C 


CHjO 


CH,CH(OAc), 


17 

LTA. AcOH 
reflux 

-► CH 3 OH^^-CH-CH-CHj + CHjO-^^-CH-CH^CH, 

O CH, OAc 

V ■ 19 

II 

o 

18 

The proposed mechanism of the geminal diacetoxylation (to 17) at the terminal olefinic car¬ 
bon involves 1,2-migration of the aryl group in the organo-lead species 20, resulting in the 
formation of a cyclopropane intermediate 21, 43 whereby this 1,2-aryl shift was confirmed by 
using as substrate p-methoxystyrene-1 - l4 C. 43 1,2-Migration of the p-methoxyphenyl group 
occurs also in the LTA oxidation of p-methoxy-1-methylstyrene and 1,1-di-p- 
methoxvphenylethyiene. 44 
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OAc 


CH,0 


CH =CH, 




CH 3 J-^F> b (° Ac ), 


20 


-Pb(OAc), 

_ OAc _ 

-► CH,0 CH,0-^^-CH 2 CH(0Ac ) 2 

21 17 

_ CH 3 _ _ CH, 

CH s O-^)-CH=CH 2 CH 3 OH^^CH 2 COCH 3 +CH 3 0^^-CCH 2 0Ac 

OAc 

(ch 3 o-^^) 2 c=ch 2 ch,o-^^-co-ch 2 -^^-och, 

The reaction of styrene derivatives and other olefins with Pb(OAc) 4 _„(N 3 )„ often 
proceeds through a similar pathway, to give gem-diazido, gem-acetoxyazido, p/r-diazido, 
and/or wc-acetoxyazido compounds . 45 


N 3 


Ph —CH =CH : 


PWOAcU- „(N)>„ 
CH;C1; 


Ph —CH 2 CH 


+ Ph —CH —CH 2 —N, 


N 3 n, 

39% 15% 


Ph —CH = CH 
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Interesting reaction products have been obtained by treatment of styrene derivatives 
with LTA in the presence of some nucleophiles. Thus, a dihydrofuran derivative is formed in 
the reaction of styrene with LTA in the presence of acetylacetone . 46 Closing of the 
dihydrofuran ring in this reaction involves electrophilic addition of lead(IV) onto the olefinic 


Ph-CH=CH 2 -^-» Ph — CHt^tt-.CH : -► Ph-CH-CH-^Pb(OAc), 


r 



OH 

I 

CH,C = CH 

I 

COCHj 

Ph-CH-CH 2 


CHjCOC O 


\ 


c 

I 

ch 3 


Pb(OAc)j 

22 


CH 3 COC V O 

> 

H C 

I 
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double bond to give a three-centered cyclic organo-lead intermediate 22. which then 
undergoes nucleophilic attack by the enol form of the /i-diketone with C-C bond formation, 
followed by cyclization. 46 

2.2.2b. Cyclic Olefins. LTA oxidations of cyclic olefins have been much more 
investigated than those of acyclic systems. As pointed out above, several types of reactions, 
such as acetoxylation, allylic oxidation, skeletal rearrangement, and other transformations, 
can occur in olefinic systems, depending on the ring size (for cyclic alkenes), structure, 
solvent, and reaction conditions. 213 ' 47 Thus, in the LTA oxidation of cyclohexene, which 
has been studied in detail by several groups, 38 ' 47-50 the major products were 3- 
acetoxycyclohexene, 23, cis- and trans- 1,2-diacetoxycyclohexane. 24, and pinacolic-type five- 
membered ring contraction compounds 25a and 25b, the relative yields depending somewhat 
on the solvent used (acetic acid or benzene). 

OAc 

o 6 + ct 0AC 

23 24 

cis + irans 

+ 0>—ch(OAc) 2 + Q^-cho 

25a 25b 

3-Acetoxycycloalkenes and/or cycloalkane 1,2-diacetates were obtained in the LTA 
oxidation of cyclopentene, 51 cycloheptene, 52 and cyclooctene, 52 and, in the latter case, an 
appreciable amount of products resulting from transannular rearrangement, i.e., 5- 
acetoxycyclooctene and 1,4-diacetoxycyciooctane, was also formed. 52 

In the reaction of LTA with methylcyclohexene, 38 di- and trialkyl substituted 
cyclohexenes, such as l-/>-menthene, 18 53 54 3-/>-menthene. 55 and 2,4,4-trimethylcyclohexene, 56 
rearranged and unrearranged allylic acetates, along with 1,2-diacetoxy derivatives were 
usually obtained, whereby allylic rearrangement is more favored in acetic acid than in ben¬ 
zene (as solvent). 56 



OAc 


Cyclohexane derivatives having an exocyclic double bond, such as l-methylene-4-t- 
butyicyclohexane, react with LTA to give a mixture of enol-acetate and vicinal diacetoxy 
compounds. 57 ' 58 






Oxidations with Lead Tetraacetate 


749 




LTA 


OAc 


// OAc 


acetoxy-2-methylenenorbornane to 2-acetoxymethyl-2-norbornene being 93:7. 65 No products 
of skeletal rearrangement were observed. 65 

In compounds where formation of ally lie systems via deprotonation in the first organo- 
lead intermediate is precluded, skeletal rearrangement takes place. Thus, camphene 66,67 and 
longifolene 68 react with LTA and undergo ring enlargment to give enol-acetates, such as 33 
from longifolene. as final products, in 5(1-85% yield. 

The oxidation of a-pinene with LTA in benzene gave as primary product m-2-acetoxy- 
pin-3-ene, 34, which in the presence of acetic acid underwent rapid allylic rearrangement to 
/rans-verbenyi acetate 35. 69 However, in acetic acid as solvent the products of the LTA reac¬ 
tion were verbenyi acetate, 35, sobrerol diacetate, 36, and verbenone. 2,47 ' 70 The formation of 
the diacetoxy compound 36 is best explained in terms of carbenium ion intermediates, 
involving a Wagner-Meerwein-type rearrangement. 

The isomeric /j-pinene reacts with LTA similarly to 2-methylenenorbomane, affording 
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'OAc 



AcO 


33 

owu-pinocarvyl acetate 37 as the product of simple allylic acetoxylation and myrtenyl 
acetate 38 as the product of allylic rearrangement. 71 In benzene as a solvent acetoxylation 
without migration of the double bond is the preferred reaction, 7172 whereas in acetic acid 
myrtenyl acetate 38, along with a complex mixture of acetoxylated products and products of 
skeletal rearrangement, is predominant. 73 LTA oxidations of 3-carene 74 and 4-carene 75 in 
benzene or acetic acid gave complex mixtures of acetoxylated products and products of 
cyclopropane ring cleavage. 



37 38 

in C 6 H 6 : 42% 

inAcOH: 10% 


2.2.2d. Dienes and Polyenes. Conjugated dienes with LTA afford generally products of 
1,2- and 1,4-diacetoxylation. 37 ' 76 " 79 Thus, cyclohexa-1,3-diene reacts with LTA in acetic acid 
containing 3% of acetic anhydride to give a mixture of 1,2- and 1,4-diacetoxycyclohexenes in 
42% yield. 77 - 78 Isoprene behaves similarly 77 but 1,3-butadiene, under the same conditions, 
affords only the 1,2-diacetoxy derivative along with products of addition of a methyl and an 
acetoxy group, 77 as observed in the LTA reaction of styrene. 

The distribution and stereochemistry of the products in the LTA oxidation of cyclopen- 
tadiene depend on the reaction conditions and nature of the solvent used. In wet acetic acid 
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LTA 

AcOH. Ac.O 


OAc 

ir 


OAc 


1:3 


OAc 


OAc 


at room temperature a mixture of monoacetates of aj-cyclopentene-1,2-diol. 39 and 40, was 
obtained, while in glacial acetic acid containing potassium acetate trans- 1,2- 
diacetoxycyciopentene, 41, was formed. 79 In addition, the formation of mixed esters of 
cyclopentene-l,2-dioi with acetic acid and acetylglycolic acid, 42 and 43 (and of products of 



AcOH 


HjO 

LTA 

AcOH 


AcOK 


AcOH 


orC.H, 

20-30"C 



39 + 40 = 75-80% 



OAc 


41 

44% 


•OAc 


cr ♦ 

OCOCHtOAc 



OCOCH 2 OAc 


OAc 


42 


43 


1,4-diacetoxylation), has also been reported. 37 ' 76 It was suggested 2,13 ' 79 that formation of all 
three types of reaction products may involve the same intermediate dioxolonium cation 44, 
which, depending upon the experimental conditions, can react with water or acetate anion as 
nucleophiles or can be further oxidized by LTA (upon loss of a proton). 



J> 

O-C-CH, 


Pb(OAc) 3 



H.O 


39 + 40 



In the LTA oxidation of cyclooctatetraene two types of ring contracted products can be 
obtained. In acetic acid or benzene bicyclo[4.2.0]octa-2,4-diene-7,8-diol diacetate 45 is the 
main product. In methanol the reaction leads to the dimethyl acetal of 2,4,6-cyclohep- 
tatriene-l-carboxaldehyde, 46, whereas in acetic acid in the presence of boron trifluoride 
etherate the corresponding diacetoxy acetal 47 is formed. 80 

Steroids and other polycyclic structures containing a 1,3-cyclohexadiene system undergo 
dehydrogenation upon treatment with LTA in chloroform-acetic acid or in benzene, the 
driving force for this reaction being either relief of steric strain or/and aromatic stabilization 
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AcOH 

orC.H, 


MeOH 


AcOH 
BF, Et.O 



45 

32%—38% 


CH(OMe), 


46 

19% 


CH(OAc), 


47 

37% 


of the reaction products. 81-84 Dehydrogenation of other polycyclic conjugated polyenes by 
means of LTA to the corresponding condensed aromatic systems has also been successfully 
achieved. 84 * 



51% 


Nonconjugated bicyclic dienes such as dicyclopentadiene and norbornadiene react with 
LTA to give the corresponding 2,7-diacetoxy derivatives. 62 The formation of 2,7- 
diacetoxynorbornene 48 and diacetoxynortricydane 49 from norbornadiene, in a remarkably 
solvent dependent ratio, is in agreement with the behavior of norbornene towards LTA. 62 



The nonconjugated diene, 1,5-hexadiene, upon treatment with LTA in acetic acid 
undergoes cyclooxidation with formation of acetoxylated cyclohexane, cyclohexene, and 
methylcyclopentane derivatives. 85 
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OAc OAc OAc 



Main products 


2.2.2e. Allenes and Acetylenes. Optically active allenes react with LTA in acetic acid 
affording optically active x-acetoxy acetylenes, 86 ' 87 as illustrated by the conversion of (— )- 
1,2-cyclononadiene 50 to (+ )-3-acetoxycyciononyne 52. The optical activity of the products 
indicates that the acetate anion attacks a three-membered cyclic plumbonium cationic inter¬ 
mediate 51 at the allylic position, thus preventing the development of a carbenium ion 
species. 87 In an earlier work it was claimed that the LTA reaction of 1-phenyl-1,2-butadiene 
results mainly in the addition of two acetoxy groups to one of the double bonds. 88 



LTA 



Pb(OAc), 


50 


51 




OAc 


H 


52 


Acetylenes react with LTA more slowly than olefins. By oxidation of dialkyl-acetylenes 
complex mixtures are usually obtained, containing products of a-substitution and of di- and 
tetraacetoxylation of the triple bond. 89,90 However, phenylbenzylacetylene underwent ben- 
zylic substitution in 61% yield. 90 In the reaction of phenylacetyiene with LTA, 
methylphenylacetylene was the major product, along with minor products arising from 
addition of a methyl and an acetoxy group to the triple bond and from ketone formation. ' 
LTA oxidation of ^-acetylenic alcohols involves di- or tetraacetoxylation of the triple bond 
without reaction of the hydroxyl group. 901 ’ 


CsCH 


LTA 


Or 


CsC-CH, 


AcO 


CH, 

H 


+ 



H 

CHj 


+ 


O 

.C-CHfCH,), 


2.3. Aromatic Hydrocarbons 

LTA can react with aromatic hydrocarbons in two ways: on the aromatic nucleus and at 
the benzylic position of side chains. In the first case the LTA reaction results in substitution 
of aromatic hydrogens by acetoxy or methyl groups, in the addition of two acetoxy groups, 
in dimerization and/or oxidation to quinones, whereas in the second case benzylic acetates 
are produced. 
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2.3.1. Mechanism 

It was postulated that substitution of hydrogen on the aromatic ring involves an elec¬ 
trophilic attack of + Pb(OAc) 3 species to give aryl-lead tricarboxyiate, 53, which in a sub¬ 
sequent reaction with acid yields the corresponding esters, e.g., 54. 92,93 In this way sub¬ 
stituted benzene derivatives give mixtures of ortho-, meta-, and para-substituted aryl esters, 
the ratio of isomers being dependent on the directing effects of the substituents, although 
usually ortho- and para-substitution predominates. 92-94 



LTA 

RCOOH 


Pb(OCOR), 

RCOOH 


OCOR 


53 


54 

R=CH,,CFj 


On the basis of steady-state kinetic evidence it was proposed that benzylic acetoxylation 
involves acetoxy and benzyl radicals as intermediates [Eqs. (5)-{8)], 95 the free radical 
course also being supported by demonstrating that these reactions were inhibited by 
oxygen 95 and catalyzed by /-butyl alcohol. 29 Electron-donating groups attached to the 
aromatic ring were found to favor, while electron withdrawing substituents retarded, 
acetoxylation of benzylic carbon in the LTA reaction. 96 


Pb(OAc) 4 — 

—* 'Pb(OAc) 3 + CH 3 + C0 2 

(5) 

C 6 H 5 CHj + CH- 3 — 

—► c 6 h 5 ch; + ch 4 

(6) 

C s H 5 CH; + Pb(OAc) 4 — 

— C 6 H 5 CH 2 OAc + 'Pb(OAc) 3 

(7) 

C 6 H 5 CH; + -Pb(OAc) 3 — 

—* C 6 H 5 CH 2 OAc + Pb(OAc) 2 

(8) 


2.3.2. Scope and Limitations 

2.3.2a. Aromatic Rings. Benzene itself is rather stable towards LTA at reflux and is 
often used as solvent in LTA reactions. Oxidation of benzene in acetic acid at elevated tem¬ 
perature gives benzyl acetate, which arises from toluene produced by methylation of 
benzene. 97 However, benzene can readily be oxidized by lead tetra(trifluoroacetate) (LTFA) 
to give the corresponding trifluoroacetoxy derivative in about 45% yield. 30 The oxidation of 
benzenoid compounds by LTA or LTFA in trifluoroacetic acid at room temperature usually 


OMe OMe 



OMe OAc 

58% 


affords the corresponding aryl trifluoroacetate esters as main reaction products, along with 
dimerization products and diarylmethane derivatives, while at higher temperature products 
of methylation of the aromatic ring are also obtained. 92-94 ' 98 ' 99 Mono- and polymethoxyben- 
zene derivatives are oxidized by LTA in acetic acid to acetoxylated products, in up to 60% 
yield. 1(X> - 102 
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OMe OMe 



OAc 

38% 


The reaction of aromatic compounds with LTA catalyzed by boron trifluoride gave 
mixtures of dimerization and acetoxylation products, with the former predominating. 98 ' 103 It 
was suggested that an ionic mechanism operates in this dimerization process, and that no 
free radical intermediates are involved. 103 


OMe OMe 



d-Pb(OAc), 30% 


The oxidation of anthracene with LTA in benzene and other nonprotic solvents gave a 
mixture of cis- and tra/u-9, [0-diacetoxy-9,10-dihydroanthracene in approximately equal 
amounts. 104 However, by using acetic acid as solvent, this product loses acetic acid and 
yields 9-acetoxyanthracene, which can undergo further oxidation to 10-acetoxy-9-oxo-9,10- 
dihydroaftthracene and anthraquinone. 105 The LTA oxidation of anthracene in benzene con¬ 
taining methanol gave cis-trans mixtures of 9,10-dimethoxy-9,10-dihydroanthracene and 9- 
acetoxy-10-methoxy-9,10-dihydroanthracene, in which the nww-isomers predominated. 104 
LTA in acetic acid converted 1,2-benzanthracene and benzpyrene into their acetoxy 
derivatives, in yields of 52% 106 and 85%, 107 respectively. 



In the LTA oxidation of a-unsubstituted furans diacetoxylation occurs, affording 2,5- 
diacetoxy-2,5-dihydrofurans (usually as two stereoisomers), 108 ' 109 while substitution in the a- 
position(s) of the starting furans, in dependence on the number and nature of the substituent 
groups, may or may not prevent LTA acetoxylation. 110111 

h tQ< h 

AcO OAc 
69% 



2.2.3b. Benzytic Groups. Aromatic compounds possessing a C-H group at the benzylic 
position can readily be oxidized by LTA to the corresponding benzyl acetates, in syn¬ 
thetically valuable yields. Acetoxylation of benzylic carbon by LTA is performed preferably 
in refluxing acetic acid. Benzylic acetoxylation can be accompanied by methylation of the 
aromatic ring, followed sometimes by acetoxylation of the methyl group introduced in this 



756 


Mihailo Li. Mihailovic et al. 


CH,OAc 



55% 


Geminal diacetoxylation of the benzylic CH 2 group, in some cases, can occur to a con¬ 
siderable extent, while products of dimerization of the intermediary benzyiic radical have not 
been detected. 

Some examples of LTA benzylic acetoxylation are given in Table I. 


2.4. Vinyl Ethers and Enamines 

The olefmic double bond in vinyl ethers devoid of hydrogen at the allylic position is 
diacetoxylated by treatment with LTA, affording 1,2-diacetoxy compounds. 125 ' 126 However, 
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vinyl ethers possessing an adjacent C-H group give a mixture of isomeric allylic acetates, 
accompanied in some cases by products of skeletal rearrangement. 126127 


Q 


OAc 



18% 



+ 

OAc 


13% 


''''O^CHfOAcl, 

23% 


Other, structurally different, vinyl ethers were also oxidized with LTA and the 
corresponding 1,2-diacetoxy compounds or allylic acetates were obtained. 107 128 129 

By treatment of the enamine shown below with LTA in benzene, a mixture of ketonic 
and/or acetoxylated products was obtained. 130 It was suggested that the first step in this 
oxidation is the addition of two acetoxy groups onto the double bond of the enamine, 
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Aromatic compound 


Product 


Yield (%) Reference 


Toluene 

Benzyl acetate 

10-38 

27, 96 

p-Xylene 

p-MethvIbenzyl acetate 

47 

96 

Ethylbenzene 

a-Phenylethyl acetate 

32 

27,95 

p-Methoxytoluene 

p-Methoxybenzyi acetate 

60 

96, 112 

p-Nitrotoluene 

p-Nitrobenzyl acetate 

7 

96 

Diphenylmcthane 

Benzhydry! acetate 

71 

27 

Phenyl-p-methoxyphenyl- 

p-Methoxybenzhvdryl acetate 

80 

113 

methane 




Tetralin 

1-Acetoxytetralin 

37 

37 

6-Methoxytetralin 

1 -Acetoxy-6-methoxytetralin 

62 

114 

9,10-Dimethylanthracene 

9,10-Bis( acetoxymethyl )anthracene 

50 

115 

Acenaphthene 

1 -Acetoxyacenaphthene 

80 

116 
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58 OAc 

10 % 22 % 


resulting in the formation of a 1,2-diacetoxy intermediate 55, which is further converted to 
monoacetate esters (56 and 58), some of which (i.e., 56) are finally cleaved to the a-amino- 
ketone 57. 130 In the oxidation of enamines with LTA in the presence of boron trifluoride 
etherate and an alcohol, a Favorski-type rearrangement occurs and esters are obtained in fair 
yield. 131 



LTA. BF, El.Q 
ROH. C.H, 


0>-COOR 

78% 


MeO 



LTA.BFr Et 2 0 
ROH.QH6 


MeO^>- 


CHiCOOR 


86% 


Other enamine and enamide structures were oxidized by LTA to a-acetoxylated 
products. 132 133 In one case this reaction was successfully applied for the aromatization of a 
heterocyclic systems, as shown below 134 : 


OAc 



3. MONOHYDROXYLIC ALCOHOLS 

The oxidation of monohydroxylic alcohols with LTA can be performed in both polar 
and nonpolar media: depending on the polarity of the solvent and structure of the substrate, 
three major competing processes have been observed, namely, (a) oxidative intramolecular 
cyclization to cyclic ethers; (b) fragmentation of the C,-C p bond; (c) carbonyl compound 
formation. The main features of these reactions are shown in Scheme 2. 
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3.1. Intramolecular Cyclization to Cyclic Ethers 

3.1.1. Saturated Alcohols 

The LTA oxidation of saturated alcohols (possessing an appropriate carbon skeleton) in 
a nonpolar solvent (preferably benzene) results in the oxidative cyclization to 
tetrahydrofuran-type ethers, whereby a non-activated <5-carbon atom of a methyl, methylene, 
or methine group is functionalized by intramolecular introduction of an ether oxygen 
function. 135 ' 137 

R^R- - iH — R^R’ + Pb(OAc}, + 2AcOH 

This ring closure reaction represents a convenient, efficient, and experimentally simple 
and mild method for the regioselective functionalization of non-activated carbon atoms, and 
therefore a useful one-step synthetic procedure for the preparation of cyclic ethers from 
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appropriate hydroxy compounds. Because of these features, it has received particular atten¬ 
tion and has been applied successfully to the synthesis of many otherwise difficultly accessible 
compounds, including natural products. 138 

3.1.1a. Mechanism. Although the conversion of alcohols into cyclic ethers by means of 
LTA is stoichiometricaiiy a rather simple oxidation reaction, the mechanism of this ring 
closure process appears to be rather complex, 5 ’ 9135-137 involving four stages: (i) alkoxylation 
of lead tetraacetate by hydroxy compounds; (ii) radical cleavage of the RO-Pb bond and 
formation of alkoxy radical species; (iii) intramolecular hydrogen abstraction by alkoxy 
radicals: (iv) ring closure to cyclic ethers. 

(i) Alkoxylation of lead tetraacetate. Since homolytic cleavage of an O-H bond, 
owing to its high bond energy (DE Q _ H 433-439 kJ mol -1 ), is almost impossible under nor¬ 
mal reaction conditions, it is assumed that the first step in the LTA oxidation of alcohols 
consists of the reversible formation of readily cleavable derivatives, which can be formulated 
as alkoxy-lead(IV) acetates, 59 (See also Scheme 2). Depending on the relative concen¬ 
tration of reactants, the structure of starting alcohols, and the reaction conditions, it was 
proposed that iead(IV) alkoxides with more than one alkoxy group 59a can be also 
formed. 3139 ’ 141 However, the exact structure of these intermediates is not known, since, 
usually, they are too reactive to be isolated. This exchange process, which is usually fast with 
primary alcohols, decreases when going to secondary and particularly tertiary alcohols or 
secondary alcohols with a sterically hindered hydroxy group 137 142-145 ; in the latter two cases 
this step in the LTA oxidation of alcohols may considerably prolong the reaction time. 


(17- I) R-OH 

R-OH + Pb(OAc) 4 z=lRO-Pb(OAc )3 , ■ ■ ■ ■> (RO)„Pb(OAc) 4 _„ + nAcOH 

59 59a 

(ii) Alkoxy radical formation. Decomposition of lead(IV) alkoxides 59 to alkoxy 
radicals 61* can be induced thermally (at temperatures around 80°C) l37 ’ 14OI46 ’ l4,< or 
photolytically (uv irradiation at room temperature or lower) 140 148 149 in a nonpolar solvent. 

RO — Pb(OAc) 3 — RO' + ’Pb(OAc) 3 

59 6! 

This process is similar to, but energetically more favorable than, the homolytic cleavage of 
the ionic Pb-OAc bond in LTA, 141-150-151 which requires a temperature of about 140°C. 
Heterolytic decomposition of lead(IV) alkoxides into RO + and Pb(OAc)f is also known; 
however, it is important mainly in polar media and will be discussed later in connection with 
the LTA oxidation of monohydroxylic alcohols to carbonyl compounds. 152 

The intermediacy of alkoxy radicals (rather than cationic oxygen species RO + ) in the 
first stages of the LTA oxidation of alcohols in nonpolar solvents is substantiated by the 
following observations. In a number of cases, not only cyclic ethers of the starting alcohols 
but also isomeric and diastereomeric cyclic ethers derived from alcohols with an epimeric 
carbinol (a) carbon atom and/or adjacent (/?) carbon atom are formed. Such products have 
been isolated from 11/(-hydroxy steroids, 65, 145 148 153 4/?-hydroxy steroids, 66. 145148 3,5/)- 
cyclo-6/?-hydroxy steroids, 154 and also from 2-alkylcyclohexanols. 5155 ' 156 

These epimerization reactions (“reversible fragmentations”), which must involve scission 
and recombination of the C,-C (/ bond, with temporary loss of stereochemistry at both car¬ 
bons, are compatible only with alkoxy radical intermediates undergoing fragmentation to a 
carbon radical fragment and a carbonyl fragment 67. In the case of heterolytic cleavage of 
the Pb-O bond, the resulting cationic oxygen species (RO + ) could eventually undergo /?- 


Probably involving a transition state structure of type 60 (Scheme 2). 
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Normal products 




scission, but reattachment of the carbenium ion fragment formed in this way (corresponding 
to radical 67) to the positively polarized carbon end of the carbonyl fragment is not feasible. 

In addition, rearrangements observed in the LTA oxidation of triarylmethanols in ben¬ 
zene solution are consistent with participation of alkoxy radicals in these processes. 146 ' 1 a 
Finally, alkoxy radicals generated in the LTA oxidation of alcohols were detected by ESR 
spectroscopy. 157 



67 


(iii) Intramolecular hydrogen migration. Internal hydrogen transfer is a characteristic 
reaction of alkoxy radicals in general, whatever their origin may be. 7158 " 161 In order that in 
the LTA reaction intramolecular hydrogen abstraction by alkoxy radicals, resulting in final 
formation of cyclic ethers, proceeds in a satisfactory yield, the following requirements should 
be met. 

(1) The main competing reactions of alkoxy radicals 61 and their alkoxy-lead(IV) 
acetate precusors 59 (i.e., ^-fragmentation and oxidation to carbonyl compounds. Scheme 2) 
must be suppressed. Usually, when intramolecular hydrogen abstraction of alkoxy radicals is 
feasible, these two reactions are of minor importance. 

(2) The hydrogen atom to be abstracted from a constitutionally remote nonactivated 
carbon atom must be conformationally suitably oriented with respect to the attacking 
oxygen in the transition state controlling this process. From the fact that in the great 
majority of cases regioselective hydrogen abstraction proceeds preferentially from the ^-car¬ 
bon atom, it was concluded that the most favorable transition state for intramolecular trans¬ 
fer corresponds to a quasi-six-membered ring, 61a. 5 9160 ' 61 It can be attained with minimal 
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61 61a 68 


interactions and distortions when the intramolecular distance between the carbon attacked 
and the attacking oxygen radical falls in the range 2.5-2.7A, 7 leading to subsequent ring 
closure to tetrahydrofuran-type ethers. A quasi-seven-membered ring transition state 
resulting in 1,6-hydrogen abstraction (from the E-carbon) leading to tetrahydropyran for¬ 
mation is also possible. However, it requires more activation energy. This is substantiated by 
the fact that the formation of six-membered cyclic ethers is not particularly favored even in 
the LTA oxidation of open-chained alcohols possessing structures which only permit ring 
closure to tetrahydropyrans or structures in which the £-hydrogen atom is activated by ben- 
zylic or allylic interaction; in such cases six-membered cyclic ethers are also formed in rather 
poor yield. 162-167 On the other hand, in rigid bicyclic or poiycyclic systems in which, due to 

P£ Ct + 

OH V XT 

8% 3% 


^ C * H ’ + 0-c.H, 


structural and stereochemical factors, the «-carbon atom and the oxygen radical assume an 
optimal distance of 2.5-2.7 A, 1,6-hydrogen migration is favored and six-membered cyclic 
ethers are obtained in high yield. 168169 



89% 


(iv) Ring closure to cyclic ethers. In the LTA oxidation of alcohols containing 5- 
(and/or e-) carbon atoms, two alternatives (i) and (ii) in Scheme 3 have been envisaged 7 for 
the formation of cyclic ethers from alkoxy radicals 6!. 

(i) One route, suggested for substrates in which one or both reacting centers are confor- 
mationally mobile, would consist in collapse of the cyclic transition state 61a to a 5-carbon 
radical 68, probably paired to a radical lead-triacetate (or similar) species. Oxidation of the 
5-carbon radical 68 by one-electron transfer from carbon to lead, either directly (i) or via an 
organolead intermediate 69 (i'), to give the corresponding carbenium ion 70, would lead to 
the cyclic ether product 71. 

Although the occurrence of 5-carbon radicals (such as 68) has not been directly proved 
in the LTA oxidation of alcohols, evidence has been advanced for the intermediate produc¬ 
tion of species with radical and/or cation character on the 5-carbon atom (from which 
hydrogen is abstracted). Thus, in the LTA oxidation of the optically active primary alcohol 
(+ )-(4/?)-4,8-dimethylnonanol 72, containing an asymmetric tertiary 5-carbon atom, among 
other products, a completely racemized tetrahydrofuran derivative 73 was obtained, 170 
indicating that cyclization cannot have occurred directly via a cyclic transition state 61a with 
a fixed geometrical arrangement of the 5-carbon, hydrogen, and oxygen. 
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SCHEME 3 
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One-electron oxidation of the d-hydroxyalkyl radical (68) by lead(III) or lead(IV) 
species to the corresponding <5-carbenium ion (70) is strongly supported by the results 
obtained in the oxidations of alcohols possessing a tertiary C ( ,-H bond 171 or a neopentyl <5- 
or e-carbon atom. 163 172 These substrates undergo, prior to cyclization, transformation and 
isomerization typical of carbenium-ion intermediates. 

(ii) The alternative pathway for the formation of cyclic ethers 71 from the intermediate 
alkoxy radicals 61, suggested for substrates in which the reaction centers are fixed, would 
consist of the removal of an electron [by lead(III) or lead(IV) species] from the developing 
three-electron bonding system in the cyclic transition state 61a, resulting in oxidation of the 
hydrogen to a proton and the production of an internal C-O ether bond 7 (see Scheme 3, 
route ii). 

This difference in the cyclization pathway leading to cyclic ethers is apparent by com¬ 
paring, for example, the C 19 ->C g cyclization in the 19-hydroxy steroids (such as 74) having 
a conformationally mobile C-O bond, when three 8)3,19-ethers 75-77 were obtained, 173 with 

-* C 9 ring closure in 4a-hydroxy-5/3-steroids 78 with conformationally fixed reaction cen¬ 
ters. when only the saturated “normal” 4a,9a-ether 79 was obtained. 145 

Moreover, in the reaction with the 5a-steroidai 6/3,11 )S-diol 80. in which the two /3-axial 
hydroxy groups are equidistant from the 19-methyl group, because of steric hindrance at the 
11/3-position, LTA attacks preferentially the 6/J-hydroxy group, to give only 6/3,19-cyclization 
product 81, this indicating that a symmetrical species at C( 19) 82 is not involved in the ether 
ring closure reaction. 7 Similar results were obtained with the corresponding 4/1,1 l/J-diol 
steroid derivative. 174 

Hvpoidite lead tetraacetate reaction. By modification of the original oxidation 
procedure described above, lead tetraacetate is often employed in combination with iodine to 
produce alkoxy radicals capable of intramolecular functionalization. In this “hypoiodite lead 
tetraacetate reaction” 7 ' 4159 the reactive intermediates undergoing homolytic decomposition 
are alkyl hypoiodites. They have not been isolated in the pure state so far, but are formed in 
situ by exchange reaction of alcohols with acetyl hypoiodite derived from LTA and iodine 




[Eqs. (9)—(11)]. Alkoxy radicals thus obtained undergo intramolecular hydrogen abstraction 
and an intermediate d-alkyl radical is formed (Scheme 4). 8 Under these conditions, contrary 
to the LTA oxidation of alcohols, the <5-alkyl radical is intercepted by iodine before it can be 
oxidized by lead(III) or lead(lV) species; thus, it forms a 1,4-iodohydrin intermediate which 
can either undergo loss of HI to give unsubstituted five-membered cyclic ethers or can be 
subsequently oxidized to a <5-iodoalkoxy radical, allowing a second intramolecular hydrogen 


Pb(OAc) 4 +I, — 

—* Pb(OAc), + 2AcOI 

(9) 

AcOI + R-OH — 

=1 RO-I + AcOH 

(10) 

RO-I — 

— RO' + T 

(11) 
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SCHEME 4 
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transfer and thus giving a-iodo cyclic ethers as products of double <5-carbon substitution 
(Scheme 4 .) 7 - 9 ' 159 ' 175 ' 176 

Intramolecular functionalization of nonactivated <5-carbon atoms by the LTA-iodine 
oxidation of alcohols has been successfully applied in the steroid series, but has been mainly 
limited to substrates possessing conformationally fixed reaction centers, i.e., the d-(ore- (car¬ 
bon atoms and the attacking radicalic oxygen. 7 9 

3.1.1b. Scope and Limitations. The LTA oxidation of fl- and <5-unbranched primary 
aliphatic alcohols in nonpolar solvents leads to 2-alkyl-tetrahydrofurans in yields amounting 
to 45%-55%. 137 139 140 ' 149 Secondary aliphatic alcohols containing a (5-methylene group 
afford 2,5-dialkyl-tetrahydrofurans in about 33%-44% yield. 135 ' 137 139 149 ' 177 1773 These 
products consist of a mixture of cis- and trans-isomers, the cis/trans ratio being about 
40-45:60-55. 137,177 Tertiary aliphatic alcohols, because of unfavorable steric and electronic 
factors, are less suitable substrates for the preparation of tetrahydrofurans by means of the 
LTA reaction. 7142 ' 178 

In the cycloalkanol series, cyclobutanol and cyclopentanol are not converted by LTA to 
intramolecular ethers, since there is no structural possibility for internal homolytic 1,5- 
hydrogen abstraction in the corresponding cycloalkoxy radicals. 179 Cyclohexanol affords 
only under 1% of 1,4-epoxycyclohexane, because of the unfavorable boatlike conformation 
required for the quasi-six-membered cyclic transition state 61a. 139 179 However, in larger 
rings, such as cycloheptanol and cyclooctanol, ring flexibility increases and the possible con¬ 
formations of the six-membered cyclic transition state structures become more favorable, 
resulting in an appreciable increase in yield of bicyclic ethers, which amounts to 10%—15 % 
for 1,4-epoxycycloheptane, 179180 and over 35% for 1,4-epoxy cyclooctane. 179-182 Although 
cyciodecanol undergoes ring closure to a considerable extent (27.5-30%), the "normal” (five- 
membered) 1,4-epoxycyclodecane is formed in only 2.5% yield, whereas the major 
cyclization products are 1,2-epoxycyclodecane (predominantly as trans- isomer) and the 
rearranged 8-ethyl-7-oxabicyclo[4.3.0]nonane (in the form of all four diastereomers). 155,179 
On the other hand, cyclopentadecanol and cyclohexadecanol react normally affording 
bicyclic 1,4-ethers in about 45% yield. 179 ' 183 

As expected, under otherwise comparable conditions, the relative susceptibility of 
hydrogen atoms on the nonactivated <5-carbon atoms to intramolecular abstraction by 
alkoxy radical decreases in the order of increasing C-H bond dissociation energies, i.e., ter¬ 
tiary > secondary > primary, as reflected by the yields of the respective cyclic 
ethers. 137 140 ' 184 " 186 However, alcohols with a tertiary C^-H bond afford “normal” 
tetrahydrofuran-type ethers in reduced yields, when compared to flexible alcohols with a 



2 % 


39% 
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(secondary) d-methylene group, or to conformationally fixed alcohols with favorable C* «-► O 
distance. 170 171 173, 187-189 In these reactions, other products, such as unsaturated alcohols, 
their acetates, five- and six-membered cyclic ethers containing a double bond or an acetoxy 
group (all deriving from the corresponding tertiary 3-carbenium ions) are also formed. For 
example, by using 3-cyclohexyl-1-propanol (83) as substrate, it could be shown that, together 
with “normal” saturated cyclic ethers, the oiefinic alcohols were formed as the primary 
oxidation products, which upon further reaction with LTA were converted into the 
corresponding oiefinic and acetoxylated cyclic ethers. 171 


H 



2% 2.5% 3% ~1% 2.5% 


Furthermore, the LTA oxidation of alcohols possessing a neopentyl <5- or e-carbon 
atom, i.e., 4,4-dimethyl-1-pentanol 163 and 5,5-dimethyl-l-hexanol 84, 172 in addition to the 
“normal" ethers, gives neopentyl type rearranged products (a-f). 



d_e_f 

2-3% 


(a-f) = Products of 1,2-methyl migration 
(Total yield 11%-14%) 

Also, the structural environment of the C,,-H and C,-H bonds may influence, by 
operation of various factors, the relative yields of the cyclic ether products in the LTA 
oxidation of alcohols. 
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Thus, an ether oxygen enhances the reactivity of an adjacent C, t -H bond towards inter¬ 
nal hydrogen abstraction, resulting either in shorter reaction times (but not in noticeably 
improved yields of cyclization products) in the case of acyclic alcohols. 190 or in preferential 


ch 3 ch 2 -o-ch 2 ch 2 ch 2 ch 2 oh 


LTA 


^O^OCH.CH, 

52% 


r-ch 2 -o-ch 2 ch 2 oh 


CK 


55%—53% 


attack at the activated ^-position and higher yields of five-membered cyclic ethers in the case 
of systems possessing one or both conformationally Fixed reaction centers. 191-194 However, 



when the ether oxygen is attached to an £-carbon atom, as in the case of acyclic 1,3- and 1,5- 
hydroxy ethers, it exhibits a considerable activating influence on the ease of 1,6-hydrogen 
abstraction from the C„-H group, thus increasing by a factor of about 10 the yield of six- 


ch,ch 2 -o-ch,ch 2 ch 2 ch 2 ch 2 oh 


^O^-OCH.CH, 


46% 


membered cyclic ethers. 190 The ring closure reaction of the diol 85 provides another example 
of C,-H bond activation by an ether oxygen group. 195 



LTA 



LTA 



85 


39% 


An aromatic group adjacent to a ^-methylene group does not affect noticably the yield 
of tetrahydrofuran products, but when a phenyl group is attached to an £-methylene group, 
the ease of six-membered cyclic ether formation is moderately enhanced. 164166 

In conformationally mobile (acyclic) and semimobile (monocyclic) systems, an olefinic 
bond adjacent to a <5- or E-carbon atom does not significantly activate intramolecular 
hydrogen abstraction, probably because in these cases the competing internal addition of the 
alkoxy radical to the carbon-carbon double bond is the preferred reaction. 196-198 (This reac- 
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tion will be discussed later; pp. 771-772.) However, when the geometrical rigidity of the sub¬ 
strate prevents addition of the alkoxy radical to the olefinic bond, susceptibility of the allylic 
£-hydrogen atom to intramolecular 1,6-abstraction is dramatically enhanced, as can be seen 
by comparing yields of six-membered 3a,9a-ethers obtained from the saturated 3a-hydroxy- 



15% 2% 43% 


5/5-steroids (9%) and from the A 1 '-unsaturated analog 86 (65%). 162 Although in inter- 
molecular hydrogen abstraction a carbonyl group deactivates the adjacent C-H bond. 



introduction of a 11-keto group in the 3a-hydroxy-5/1-steroid system (such as 87) greatly 
facilitates intramolecular 1,6-cyclization. 162 This was explained by assuming that the reaction 
does not proceed by 1,6-hydrogen abstraction, but involves internal addition of the alkoxy 
radical to the double bone of the lead-enolate ester 88. 



H 

87 88 45%-72% 


In addition to the oxidative cyclization of hydroxy steroids by means of LTA or LTA- 
iodine. an interesting rearrangement of 20-cyano-20-hydroxy steroids by LTA-iodine was dis¬ 
covered. By treatment of such cyanohydrins with LTA-iodine under irradiation conditions, 
migration of the cyano group to the <5-carbon radical at C( 18) occurs and the corresponding 
18-cyano-20-keto steroids are obtained in yields ranging from 30% to 60%. I99 ' 200 



Further examples of intramolecular cyclization of saturated alcohols to cyclic ethers 
with LTA are presented in Table II. 
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TABLE II. Intramolecular Cyclization of Saturated Alcohols 


Alcohols 

Cyclic ethers 0 

Yield 

(%) 

References 


A. Acyclic Alcohols 



1-Butanol 

Tetrahydrofuran 

20 

137,140 

1-Pen tanol 

2-MethyI-THF 

43 

137,140 

1-Hexanol 

2-Ethyl-THF 

50 

137 


2-Methyl-THP 

3 


(-)-2-Hexanol 

meso-cis- 2,5-Dimethyl-TH F 

17 

137, 177 


(-)-rranr-2,5-Dimethyl-THF 

24 


3,7-Dimethyl-l-octanol 

4-Methyl-5-i-pentyl-THF 

39 

201 


4-Methyl-6-i-butyl-THP 

4 


3,7-Dimethyl-6,7-dibromo- 

r~{ Br 

15 

202 

1-octanol 

°^V Br 



Citronellol 

4-Methyl-2-(2-methyl-l-propenyl)- 

17* 

203 


THP 



5-Phenyl-1 -pen tanol 

2-Benzyl-THF 

48 

164 


2-Phenyl-THP 

9 


1,6-Hexanedioi 

c© 

15 

195 

1,7-Heptanediol 

Q© 

29 

195 


Ph Ph 



3,3,3-T ripheny 1-1 -propanol 

oO 

24 

147 

5,5,5-Triphenyl-1 -pentanol 

2-(Triphenylmethyl )-THF 

5 

204 


2,2,3-Triphenyl-THP 

59 



B. Alicyclic, Polycyclic, and Cycloalkyl Alcohols 


2-Tetrahydrofuranethanol 

03 

H 

OAc 

c© 

45 

205 


7 


endo-2-Norbornanemethanol 

& 

38 

206 

3,5,5-Trimethylcyclohexanol 

i-O 

55 

207 



THF, tetrahydrofuran; THP, tetrahydropyran. 
Special conditions. 


Table continued 
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Yield 

Alcohols 

Cyclic ethers 1 ' 

(%) References 


CH,CON _, 

c 

CH,0 


OH 

CH,OH 


2-Adamantanemethanol 

1 - Adamantanethanoi 

X (CH,),CH,OH 


CH iCONs 

J3 


& 


C. Hydroxy Steroids 
5a-Series 


60 211 


46 212 


67 213 


86 214,215 


35 216 


66 217 


77 218 


20-OH 

2 P, 19 

60-75 

219-223 

30-OH 

30, 19 

37 

224 

40-OH 

4/3, 19 

69-74 

145,219, 


4a, 9a 

12 

225,226 

60-OH 

6/3, 19 

40-90 

141, 148, 




227-230 

60-OH (5aCi or Br) 

60, 19 

12-53 

231-233 

60-OH (6aCH,) 

6/3, 19 

16-46 

143, 144, 


60,10 

20-33 

229 

60-OH (3,5-cyclo) 

60 , 19 

7-66 

154, 234- 




237 

7a-OH (14aCH,) 

la, 14a (methano) 

40-80 

238-241 

7a-OH (B-homo) 

la, 10a 

76 

242 

70-OH (B-homo) 

10, 19 

66 

242 

1 la-OH 

la. 11a 

50-88 

145, 153. 




243 

110-OH 

la, 11a 

12-30 

145, 148, 


110, 18 

5 

153 


11/3, 19 

7-30 



10, 11a 

15-42 


12a-OH 

12a, 17a (methano) 

50 

244 

19-OH 

110, 19 

14 

173 


80, 19 

38 
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TABLE II. Continued 


Alcohols 

Cyclic ethers" 

Yield 

(%) 

References 

20a-OH 

18, 20a 

10-58 

245 

20a-OH (A 5 ) 

18,20a 

47 

245 

20/5-0 H 

18,20 p 

25-32 

136, 152. 




245 

24-OH 

20,24 

8-9 

187, 188 


5 P-Series 



2a-OH 

2a, 9a 

52 

246, 247 

3a-OH 

3a, 9a 

3-71 

138, 162, 




248 

3/J-OH (5/JCH 3 ) 

ip, 5 P (methano) 

33-76 

249-251 

4a-OH 

4a, 9a 

85-90 

145. 252 

1 la-OH 

la, 11a 

85-87 

176.243 

12a-OH 

12a, 17a (methano) 

50 

244 

19-OH 

UP, 19 

8 

173 


8 p, 19 

27 


20a-OH 

18,20a 

80 

252 

20/f-OH 

18,20 P 

40-52 

138, 253, 




254 


3.1.2. Unsaturated Alcohols 

3.1.2a. Mechanism. As shown in Scheme 5 , 170 173 the oxygen radical adds 
intramolecularly, probably via a 7i-complex of type 89, to a sterically accessible ethylenic 
linkage. The carbon radicals thus formed are then converted (either directly or upon 
oxidation into the corresponding carbenium ions) to acetoxylated cyclic ethers, unsatured 
cyclic ethers, or other products. However, alternative pathways for this reaction have also 
been proposed. 255-256 

3.1.2b. Scope and Limitations. In unsaturated alcohols containing a double bond which 
is incorporated in a rigid framework, accessibility to intramolecular addition of the oxy 
radical is limited to the more favorably located olefmic carbon atom, so that the LTA reac¬ 
tion affords only one, five-membered 256-259 or six-membered, 162 cyclic ether. 

On the as yet fragmentary data concerning the thermal LTA cyclization of unsaturated 
acyclic alcohols, in which, because of conformational flexibility, both sites of the olefmic 
double bond are spatially accessible to intramolecular radical addition, the following com¬ 
ments can be made: (1) in primary and secondary d“-alkenois 1,6-addition leading to 
tetrahydropyran-type ethers is preferred to 1,5-cyclization, resulting in the formation of five- 
membered cyclic ethers 173-17711 ' 196-198-255-260 ' 261 ; (2) in the case of A 5 -, A 6 - and d 7 -alkenols, 
addition of the oxy radical takes place exclusively on the olefinic (trigonal) carbon which is 
nearer to the hydroxy oxygen, thus furnishing the cyclic ether with the smaller ring, i.e., six- 
membered, 197-262 seven-membered, 197 and eight-membered ring, respectively; (3) 
intramolecular addition to the carbon-carbon double bond to give acetoxylated or 
unsaturated cyclic ethers proceeds with greater ease than, and may occur to the exclusion of, 
intramolecular hydrogen abstraction from saturated (tetrahedral) nonactivated ^-carbon 
atoms leading to tetrahydrofuran formation. 197 Some typical examples are given in Table III. 
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SCHEME 5 
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Pb(OAc); + AcOH 
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C-OAc 


3.2. ^-Fragmentation 

The /(-fragmentation reaction, which consists of the homolytic C,-C fl bond cleavage 
(Scheme 2), is a well-established mode of stabilization of alkoxy radicals in general. 5 158 - 264 265 
Data obtained in the LTA reaction indicate that /(-fragmentation cannot be suppressed in 
favor of intramolecular hydrogen abstraction by change of external reaction 
conditions, 139 ' 148 149 ' 191 since both processes appear to proceed through a common transition 
state with alkoxy radical character (Scheme 2, 60, 61 ). 7 ' 137 ' 179 Therefore, depending on struc¬ 
tural features of the substrate, /(-fragmentation may seriously compete with cyclic ether for¬ 
mation in the LTA oxidation of alcohols, particularly when complex hydroxy compounds 
are being oxidized. 


3.2.1. Mechanism 

The special case of “reversible fragmentation” (/(-scission-recombination process, 
already discussed on pp. 760-761) represents strong evidence that the initially formed /(- 
fragment in the LTA reaction is a carbon radical 62 (Scheme 2). Usually it undergoes one- 
electron oxidation to the corresponding carbenium ion 64 (Scheme 2), which, in addition to 
normal products, i.e., olefins and acetates (see Scheme 2), might give rearranged acetates as a 
consequence of 1,2-hydride shift 137 179 or cyclobutyl-cyclopropylmethyl isomerization. 266 


3.2.2. Scope and Limitations 

The rate of /(-fragmentation of alkoxy radicals is mainly dependent on the stability of 
the initially formed carbon radical 62, but it is also affected by other factors, such as stability 
of the carbonyl-containing fragment 63, decrease of unfavorable steric interactions, polar and 
entropy effects in the transition state, etc. 

Thus, in the LTA oxidation of alcohols containing saturated /?- and y-carbons, the ease 
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TABLE III. Intramolecular Cyclization of Unsaturated Alcohols 


Alcohols 

4-Penten-l-oI 


5-Hexen-l-ol 


6-Hepten-l-ol 


7-Octen-l-o! 


l-Nonen-5-ol 


4-Cycloocten-l-oI 



Cyclic ethers 

Yield (%) 

References 

^^ OAc 

14 

255, 260 

/\>OAC 

26 


CqX^'OAc 

26-37 

197, 262 

CX^OC.H,, 

23 


a- 

43 

197 

CqX^ 

2.5 



15 


Ql- oac 

10 

197 

Q^ oc,h “ 

11 


^C.H, 

15 



31 

197 

AcOy-. 

34 


5U 

2.5 


Ac °® 

42 

196 

«© 

28 



30 

256 

o—J 




17 

263 


60 

259 
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of ^-fragmentation increases and cyclic ether formation (when intramolecular hydrogen 
abstraction is structurally and stericallv allowed) decreases with increasing stability of the 
alkyl-carbon radical /i-fragment. which follows the well-established order 
RCH, < R,CH < R 3 C\ 142 whereby /3-cleavage to products derived from tertiary carbon 
radicals is particularly favored. 267 ' 270 


/V^V-OH - 

— Q- 

No fragmentation 



45% 





+ + 

HCHO 


17% 

19% 

O 

A 

— 

— A 

+ /\/ s y + 


4% 

16% 



The intermediate formation of carbon radicals stabilized by an adjacent ether oxygen 
increases the rate of C,-C fl bond cleavage, 191 but optimal conditions are always realized 
(and have been used for preparative purposes) when the LTA oxidation of alcohols affords 
as initial /3-fragments stable benzyl radicals, 164,255 or allyl radicals. 1773,255,256 In these cases 
intramolecular 1,5-hydrogen abstraction from a <5-CH 2 (or <5-CH) group leading to cyclic 
ether, even if structurally permissible, is usually entirely suppressed; for example 166 ; 


c * H OC^ 

^T)H 




31% 


[C 6 H s CH 2 -] 

C 6 H 5 CH, OAc + C„H 5 CHO + C 6 H 5 COOH 
23% 5% 4% 


Therefore, although convenient as substrates for the preparation of fragmentation products, 
particularly nor-compounds in the steroid field, 173,256 homoallylic and homobenzylic alcohols 
cannot be used for ^-functionalization. 

Another factor influencing the ease of //-fragmentation is the stability of the carbonyl 
fragment, which increases in the order HCHO < R—CHO< R—CO —R'. Therefore, the 
yield of //-fragmentation increases and that of intramolecular cyclization decreases when one 
goes from primary to secondary to tertiary alcohols. 137,142,245 

Decrease in steric crowding and steric strain may also favorably affect the rate of the /?- 
fragmentation reaction, particularly when it involves opening of rings in bridged polycyclic 
alcohols, 271 or opening of cyclobutanol rings 272,273 (or cyclopropanol rings) incorporated in 
fused polycyclic systems. In simple secondary cycloalkanols containing four- to eight-mem- 
bered rings, the amount of //-cleavage with ring opening is proportional to the total strain 
associated with carbocyclic rings of various size. 179 

An interesting difference was observed in the fate of medium-sized cyclic carbon radicals 
or cations resulting from //-fragmentation of the 5-hydroxysteroids 90 and the 5a-hydroxy-B- 
nor-steroid 93, respectively. Whereas the carbon-deficient species in the ten-membered ring, 
resulting from fragmention of 90, is converted by //-loss of hydrogen to the olefinic (Z)- and 
(£>isomers 91 and 92 containing a l(10)-cyclodecen-5-one system, 274,275 the nine-membered 
analog, generated from 93, probably because of different conformational conditions. 
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undergoes recombination involving addition of the carbonyl oxygen to afford as final 
products the bridged 5,10-oxido-compounds 94, 276 ' 277 



However, in the analogous d’-unsaturated 5a-hydroxy steroids 95 and 96, C(5)-C(10) 
fragmentation is completely suppressed in favor of C(5)-C(6) fragmentation and allylic 
acetoxylation, respectively. 278 





3.3. Oxidation to Carbonyl Compounds 
3.3.1. Mechanism 

Another oxidation process of primary and secondary alcohols with LTA leads to the 
corresponding aldehydes and ketones. Possible mechanisms of their formation are outlined in 
Scheme 2. 


3.3.2. Scope and Limitations 

Although carbonyl compounds (and their a-acetoxylated and other derivatives) are 
almost always formed as by-products in the LTA oxidation of primary and secondary 
alcohols, their yield, when the reaction is performed in nonpolar media (such as benzene, 
cyclohexane, or heptane), is generaly low compared to the yields of cyclic ethers and/or j3- 
fragmentation products. 135137 ' 139 ' 245 Even when ring closure to cyclic ethers is very slow or 
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TABLE IV. Oxidation of Primary and Secondary Alcohols to Carbonyl Compounds 

in the Presence of Pyridine 


Alcohols 

Carbonyl compounds 

Yield (%) 

Reference 

1-Butanol 

Butanal 

70 

280 

1-Propanol 

Propanal 

87 

152 

2-Propanol 

Acetone 

93 

152 

Benzoin 

Benzil 

90 

280 

2-Hydroxymethyltetrahydropyran 

2-Formyltetrahydropyran 

80 

280 

2,5-Hexanediol 

2,5-Hexanedione 

89 

280 

5a- Androstane-3/?,6/J, 170-triol 
3,17-diacetate 

6-Oxo-5a-androstane-3/J, 17/?-diol 
3,17-diacetate 

95 

148 

5a-Androstane-4/j, 17/?-diol 

17-propionate 

4-Oxo-5a-androstan-17/?-ol 
propionate 

85 

148 

5a-Pregnane-3/?,l l/f,20/(-tnol 
3,20-diacetate 

1 l-Oxo-5a-pregnane-3/?,20/?-diol 
3,20-diacetate 

54 

148 


not feasible and a,/?-cleavage to fragmentation products is not favored, the yield of aldehydes 
or ketones, although somewhat higher, does not increase accordingly and rarely exceeds 
15%. 137,139,152,162,163,179,191 However, the yield of carbonyl compounds is much higher when 
the oxidation of the carbinol function to a carbonyl group results in considerable energy gain 
associated with release of steric compression (examples encountered particularly in steroid 
and medium-sized ring hydroxy compounds) 145 155,179,248 or due to conjugation of the car¬ 
bonyl group to olefinic and aromatic systems. 164,179,196 

On the other hand, when the LTA reaction of alcohols is performed in benzene contain¬ 
ing an excess of pyridine or in pyridine alone, either with heating or at room temperature, 
cyclization and ^-fragmentation processes, even when structurally permitted, are suppressed, 
whereas carbonyl compounds are obtained in good and often preparatively useful 
yields 137,139,148,152,163,164,196,279,280 (see Table IV). This and other results have been taken as 
evidence that the formation of aldehydes and ketones proceeds predominantly by heteroiytic 
decomposition of the initially produced alkoxy-lead(IV) acetate (Scheme 2, 59) or its coor¬ 
dination complex with pyridine 5,6,151 (involving two-electron transfer from the alkoxy anion 
to lead with assisted elimination of an a-proton), 5,6,139,151 and only to a minor extent by 
homolytic processes. 



LTA 

Pyridine 



^0^-C 4 H,—n 


58% 2% 


4. 1,2-DIOLS AND POLYOLS 


In 1931 Criegee discovered that LTA can very efficiently cleave the carbon-carbon bond 
of 1,2-diols to give carbonyl componds. 282 


-C-OH 

I 

-C-OH 


LTA 


I 

-c=o 

+ 

-c=o 


The reaction is usually very fast, quantitative, and specific, since the carbonyl compounds 
formed are, in general, either unreactive towards, or react only slowly with, LTA under the 
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glycol cleavage reaction conditions. Because of these features, it has often been applied both 
to synthesis and to structure determination studies. Depending on the structure of the 
starting glycol, one can obtain aldehydes, ketones, dialdehydes, oxo-aldehydes, diketones, 
and also cyclic diketones. 310 The reaction can be extended to related 1,2-bifunctional com¬ 
pounds, such as a-hydroxy ketones, 1,2-diketones, a-hydroxy and a-keto acids, a-amino 
alcohols, and 1,2-diamines, 10 ' 283 and also to polyhydroxylic compounds, 1011 which all 
undergo similar cleavage to produce a variety of fragmentation products. 10,11,283-286 In 
addition to LTA, oxidative cleavage of 1,2-diols can be effected with other oxidative 
reagents, such as periodic acid, iodoso compounds, sodium bismuthate, 10 metal/peroxide, or 
ruthenium oxide. The latter two methods are described in Chapters 6.8, and 16 of this book. 


4.1. Mechanism 

First it was assumed that the preferred mechanism of the LTA glycol cleavage involves a 
cyclic intermediate formed between the diol and LTA of type 97, which is decomposed in a 
concerted process to the carbonyl fragments (path i. Scheme 6). 285 Since the LTA reaction 
can be also readily applied to trans- 1,2-diols with anfi-periplanar hydroxy groups, which for 
steric reasons cannot form iead(IV) cyclic intermediates 97, 287 other possible mechanisms 
have been envisaged. Thus, an alternative cyclic pathway consists of an intramolecular 
proton transfer in the primarily formed monoacetoxylated LTA of type 98 (path ii). 288 Also, 
from the fact that the reaction can be catalyzed with bases (i.e., with acetate anion," 
pyridine, 289 methanol, 290 or water 284 ) and acids, 291 it was concluded that the carbon-carbon 
bond can be cleaved in noncyclic processes as well, such as 99, involving proton transfer to 
an external base (path iii), 288 or 100, involving protonated mono-alkoxy lead(IV) inter¬ 
mediates, which eventually break down by elimination of a proton from the free hydroxy 
group (path iv). 


4.2. Scope and Limitations 

The rate of the LTA glycol cleavage is highly dependent on the structure and 
stereochemistry of the substrate and reaction conditions. In general, there is correlation 
between the rate of oxidation and the proximity of the hydroxy groups. Thus, cis-diols con¬ 
taining small and normal rings are considerably more reactive towards LTA than the 
corresponding /runs-isomers, 288,292 although exceptions are observed for some 
dihydrophenanthrene diols. 288,293 Some typical examples are shown in Table v . 288,292-296 

On the contrary, with cyclic 1,2-diols containing nine or more carbon atoms, the trans¬ 
form becomes more reactive than the cw-form, 297-299 presumably due to the change of 
dihedral angles between the hydroxylic groups. 297 In acyclic systems the “cisoid” (//-forms of 
symmetrically substituted 1,2-diols react with LTA 40-50 times faster than the corresponding 
“transoid” meso-forms. 288 The same was observed also for some hydrobenzoins. 300 The reac¬ 
tivity of the diols increases with the number of alkyl substituents at the carbinol carbon 
atoms, the main effects being steric rather than electronic. Electronic effects have been obser¬ 
ved in the LTA oxidation of some substituted benzpinacols 301 ; electron-releasing groups 
(Me, OMe) accelerate the reaction, while an electron-attracting group (Cl) retards it. Lack 
of substitution effects (a p of 0.02) for oxidative cleavage of a series of substituted hydroben¬ 
zoins indicates that little charge is developed on the benzylic carbon atoms in the rate-deter¬ 
mining step. 300 (Additional examples are listed in Table VI.) 

The oxidations by LTA are, in general, quantitative and fast enough to allow deter¬ 
mination of glycols by titrimetric methods. The rate of oxidation often provides a reliable 
means for estimation of the stereochemical relationship of the hydroxy groups. Thus, the 
rates of oxidation with LTA have been used to establish the geometrical configurations of 
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some flavane-3,4-diols, ;>02 and also to determine the cis- to trans- ratio in a mixture of 3,4- 
dihydroxytetrahydro-2-pyrenes. 303 

The LTA oxidation has also been widely and successfully applied to carbohydrates, and 
there are several exhaustive reviews summarizing this subject.‘•“• 304 - 506 Although car¬ 
bohydrates in general contain more than one glycol unit, because of structural and/or 
stereochemical differences, the reactivity of the individual glycol units in a sugar molecule is 
often not the same, thus rendering the LTA reaction a valuable tool for structure deter¬ 
mination studies in carbohydrate chemistry. 


TABLE V. Rates of Glycol Cleavage 


1,2-Diol 

iTjo-imol - 1 dm 3 sec * 1 ) 

(in 99.5 % CH, COOH) 

cw-CycIobutane-1,2-diol 

10,000 

trans-Cyclobutane-1,2-diol 

6.5 

cii-Cyclopentane-1,2-diol 

40,000 

nms-Cyclopentane-1,2-diol 

12.8 

as-Cyclohexane- 1,2-diol 

5.04 

/ram-Cyclohexane-1,2-diol 

0.22 

cts-Decaline-9,10-diol 

15.0 

/ra/is-Decaline-9,10-diol 

0.148 

cis-Camphane-2.3-diol 

25,000 

rranj-Camphane-2.3-diol 

0.37“ 

cis- 9,10-Dihydrophenanthrene-9.10-diol 

10 

irans-9, 10-Dihydrophenanthrene-9,10-diol 

157 


Measured at 50°C. 
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Monosaccharides arc preferentially oxidized in their cyclic, rather than in their open- 
chain form 307 ' 310 ; in addition, the furanose form is more reactive than the pyranose 
form. 11,309 



CH : OH ch ,oh 

. -o I A. 

/OH 


HO 



OH 


h 7>ch,oh 

0 J CHCH - 

» il 

O o 


LTA is highly selective in the oxidation of a-hydroxy hemiacetal groups. Thus, the reac¬ 
tion proceeds stepwise, giving first a monoformate of the corresponding lower sugar, which, 
after cyclization, undergoes further oxidation at the hemiacetal a-glycol group to yield a 



HCOH 

I 
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I 

HCOH 

HCOC 
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I 

h 2 coh 


HCOH 
—I—- 
HOCH 


O 


HCOC 


/ 


o 


H 
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AC¬ 


TABLE VI. 1,2-Diol and Polyol Cleavage 


1,2-Diol 

Carbonyl compounds 

Yield (%) 

Reference 


A. 1,2-Diols 



Glycol 

Formaldehyde 

89 

278 

Pinacol 

Acetone 

91 

178 

1 -Hydroxymethylcyclobutan-1 -ol 

Cyclobutanone 

90 

312 

cis- 1,3-Cyclohexadiene- 
5,6-diol 

«s,cis-2,4-Hexadienedial 

96 

313 


Table continued 
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TABLE VI. Continued 


1,2-Diol 

Carbonyl compounds 

Yield (%) 

Reference 

1,2,3-Cyclohexanetriol 

Pentanedial 

50 

314 

e/ido,endo-2,3-Dihydroxybicyclo- 

1,3-Diformylcyclopentane 

72 

315 

[2.2.1] heptane 

1,1 '-Dihydroxydicyclobutyl 

Cyclobutanone 

85 

316 

2,5-Dimethylhexane-2,3-diol 

3-Methylbutanal 

23 

317 

Diethyl tartarate 

Ethyl glyoxylate 

54 

318 

cit-2-Oxahydrindane-cij- 

5,6-diol 

3-Oxabicyclo [3.3.0 ]oct-7- 
en-8-carbaldehyde 

92 

319 

cis-l,6-Dihydroxybicyclo- 

cis-Cyclonon-3-ene-1,6-dione 

45 

320 

[4.3.0 ]-non-3-ene 

cis- 1,1,4,4-T etramethyl- 
tetraline-2,3-diol 

l,2-Bis[2-formylpropyl-(2)]- 

benzene 

95 

321 

1,2-Dihydroacenaphthene- 

1,8-Diformylnaphthalene 

47 

322 

1,2-dioI 

9,10-Dihydroxyoctadecanoic 

Nonanal 

67 

323 

acid 

8-Formyloctanoic acid 

64 


9,10,12-Trihydroxyoctadecanoic 

2-Nonenal 

63 

324 

acid 

8-Formyloctanoic acid 

37 


9,27-Hexatriacontadiene- 

9-Octadecanal 

30 

325 

18,19-diol 

cis- 1,2-Diphenyicyciohexane- 

1,4-Dibenzoylbutane 

100 

326 

1,2-diol 

trans- 1,2-Diphenylcyciohexane- 

1,4-Dibenzoylbutane 

90 

326 

1,2-diol 

l,2-Di-[adamantyl-( 1 )]ethane- 

1-Formyladamantane 

62 

327 

1,2-diol 

Estrane-3ft5a, 10a, 17/J-tetrol- 
3,17-diacetate 

3ft 17ftDiacetoxy-5,10-seco- 
estrane-5,10-dione 

55 

328 

3ft Methyl-A-nor-5a-cholestane- 

4,5-Seco-cholestane-3,5-dione 

89 

329 

3a,5-diol 

2-Hydroxymethyl-5a-cholestan- 

2-Cholestanone 

90 

330 

2-ol 


Sugar 

B. Polyols (Sugars) 

Carbonyl compounds 

Yield (%) 

Reference 

L-Arabinose 

L-Glycerinaldehyde 

90 

309 

a-Methyl-1 -arabinosepyranoside 

L'-Methoxydiglycolic aldehyde 

98 

331 

3-Deoxy-D-mannose 

2-Deoxy-D-ribose 

60 

332 

D-Glucose 

Di-O-formyl-D-enthrose 

89 

309 

o-Fructose 

D-Glycerinaldehyde 

89 

333 

L-Sorbose 

L-Glycerinaldehyde 

82 

333 

D-Mannose 

D-Arabinose 


309 

a-Methyl-D-glucoside 

Glyoxal 


334 

a-Methyi-D-mannopyranoside 

D'-Methoxy-D-hydroxymethyl- 
diglycolic aldehyde 

55 

335 

3,6-Dimethyl-D-giucose 

2,5-Dimethyl-D-arabinose 

100 

336 
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diformate of a stii! lower sugar. In this way D-glucose first produces mono-O-formyl-D- 
arabinose and then di-O-formyl-D-erythrose. 309 It is assumed that this reaction involves 
preferential attack of the furanose form of D-glucose (path ii), rather than of the normally 
predominant pyranose form (path i). By this degradation method some rare sugars can be 
prepared. The LTA reaction has also been applied, in a similar way, to polysaccharides. 111 A 
few characteristic examples of sugar degradations are presented in Table VI. 


5. PHENOLS 


The oxidative transformation of phenols by LTA was systematically investigated by 
Wessely 340 " 343 and reviewed by Criegee. 3 Depending on the number, position, and nature of 
substituents, molar ratio of the LTA, and solvent used, different types of products may be 
obtained. 340-352 Some illustrative examples are shown in Table VII. Thus, in acetic acid 
quinol acetates (101 and 102), o-quinone diacetates (103 and 104). and quinones (105 and 
106) are formed, while in nonpolar solvents, such as benzene. C-C coupling leading to the 
dimeric products 107 and 108 becomes the more important oxidative process. 340,348 


O 


R 

OAc 


O 



,OAc 

OAc 
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OAc 

OAc 
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O 
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R OAc 
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101 102 


103 104 


105 106 



HO OH R R 


107 


108 


5.1. Mechanism 

It was assumed that the first step in the LTA oxidation of phenols involves reversible 
formation of aryloxy-lead(IV) acetates, 2,47 which decompose either homolytically leading to 
aryloxy radicals or heterolytically with formation of cationic aryloxy species. 47,353 Dimeric 
product formation and ESR spectroscopy data 349 were taken as evidence that radical species 
are involved in the LTA oxidation of phenols. The mechanism of formation of various types 
of oxidation products by homolytic cleavage of the O-Pb bond is shown in Scheme 7. 
However, these and other additional results (i.e., catalysis by boron trifluoride, solvent 
dependence, and very high reaction rate), according to some authors, speak in favor of 
heterolytic cleavage of the Pb-O bond. 353 Also, in order to rationalize the preferential for¬ 
mation of the o-acetoxy over p-acetoxy derivatives, an intramolecular pathway has been 
suggested. 354 


Pb(OAc), 
/> \ 

O /OAc 
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TABLE VII. Oxidation of Monohydroxylic Phenols by LTA 


Phenol 

Solvent 

Products 

Yield (%) 

Reference 

Phenol 

AcOH 

o-Quinone diacetate 

4 

359 

2-Methvl 

EuO 

o-Quinol acetate 

22 

340 



Quinone 

4 


4-Methvl 

AcOH 

o-Quinone diacetate 

28 

340 



p-Quinol acetate 

14 


2-n- Propyl 

AcOH 

o-Quinol acetate 

42 

355 



o-Quinone diacetate 

5 


2-/-Butyl 

AcOH 

o-Quinol acetate 

2 

355 



o-Quinone diacetate 

44 


2-Ally! 

AcOH 

o-Quinol acetate 

34 

347 

2.4-Dimethyl 

AcOH 

o-Quinol acetate 

23 

340 



o-Quinone diacetate 

2 


2.6-Dimethyl 

AcOH 

o-Quinol acetate 

95 

348 


Benzene 

Coupling dimers 

20 

348 

2,4,6-Trimethyl 

AcOH 

o-Quinol acetate 

42 

340 


Benzene 

o-Quinol acetate 

50 

348 


CHC1, 

o-Quinol acetate 

92 

360 

2.4.6-Tri-r-butyl 

AcOH 

o-Quinol acetate 

60 

354 

2.6-Dimethoxy 

AcOEt 

Quinone 

78 

361 

2-Methyl-6-cyano 

AcOH 

Coupling dimers 

100 

346 

2.4-Dimethyl-6-acetyl 

CHC1, 

o-Quinol acetate 

65 

343 

2-Methyl-5-bromo 

Acetone 

o-Quinol acetate 

38 

342 



Quinone 

18 


2,4-Dimethyi-6-bromo 

AcOH 

o-Quinol acetate 

62 

342 



p-Quinol acetate 

6 


2.6-Dimethoxy-4-carboxy 

AcOEt 

Quinone 

57 

360 

2.4-Dimethyl-6-carbethoxy 

AcOH 

o-Quinol acetate 

50 

343 

2.4-Dimethyl-6-formyl 

AcOH 

o-Quinol acetate 

51 

343 

3-Hvdroxy-17-acetyl- 

AcOH 

p-Quinol acetate 

25 

353 

j 1.3.51 l0| . oes t ra triene 






5.2. Scope and Limitations 


In the LTA oxidations of o- and p-alkyl substituted phenols in acetic acid, the 
corresponding o- (101) and/or p-quinol acetates (102) and o-quinone diacetates (103 and 
104) were obtained.J 40 - 344 - 347 - 355 p-Quinone diacetates have never been isolated, probably 
because they are too unstable and usually undergo hydrolysis to the corresponding quinones 
during the work-up procedure. 



36% 44% 
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SCHEME 7 



One ortho electron-withdrawing group favors acetoxylation at the other o-site with 
higher electron density. 356 


\\ OH 

C H, xpr 

CH, 


LTA 



Dihydroxy phenols, i.e., catechol, hydroquinone, and their derivatives, are rapidly and 
quantitatively oxidized by LTA to the corresponding quinones. 557 ' 358 


6. CARBONYL COMPOUNDS 

Electron-withdrawing groups adjacent to the carbon-hydrogen bond enhance its reac¬ 
tivity towards LTA. Thus, carbonyl compounds possessing at least one a-hydrogen can 
readily be converted to the corresponding a-acetoxy derivatives by treatment with LTA. 

O O 

0^‘ CH ’ (>^- CH:OAc 

75% 

The LTA a-acetoxylation reaction is usually carried out with one molar equivalent of 
LTA in hot acetic acid or in benzene solution at reflux. It is faster in acetic acid, but affords 
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better yields in benzene. In general, the reactivity of the carbonyl compounds increases in the 
order: acid anhydride < ester < aldehyde ~ ketone. However, the LTA acetoxylation method 
has been predominantly and successfully applied for the preparation of a-acetoxy ketones. 


6.1. Mechanism 

The rate of acetoxylation of ketones with LTA depends only on the concentration of the 
ketones, 362 and not on the concentration of the LTA, indicating that (similarly to the 
bromination of ketones) 363 enolization is the rate-determining step. For that reason it was 
assumed that the mechanism of a-acetoxylation of ketones consists of the formation of an 
enol-iead(IV) triacetate intermediate 109, which subsequently undergoes intramolecular 

I I 

-c-c=o 

I 

H 


109 


—C=C—OH 


LTA 



CH, 


-C-C = 0 + Pb(0Ac) 2 

I 

OAc 


rearrangement and elimination of lead(II) acetate, in a process analogous to the oxidation of 
phenols. 2 5 354 364 This assumption was substantiated by the following observations. Carbonyl 
compounds which exist predominantly in the enol form are particularly reactive towards 
LTA, undergoing quantitative a-acetoxylation under relatively mild conditions. 3 


Ar 


C=C—OH 

/ 


LTA 

AcOH. 40"C 


\ 

C-CHO 

/I 

Ar OAc 


Boron trifluoride strongly accelerates the LTA oxidation of ketones. 365 366 Thus, non- 
catalyzed acetoxylation of the side chain in the pregnane derivative 110 requires heating with 
LTA in acetic acid, while in the presence of boron trifluoride the oxidation can be accom¬ 
plished in benzene solution at room temperature. 366 This catalytic effect was ascribed to the 



promotion of enolization, although it could also arise from increased electrophilicity of LTA. 
2-Adamantanone, which cannot enolize, was recovered unchanged when treated with 
LTA. 367 
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From these data it is apparent that enolic species are intermediates in this LTA 
oxidation reaction. However, the results obtained with some unsymmetrical methyl ketones 
have shown that the product ratio and enolization rate (followed by deuterium exchange) do 
not always agree. Namely, acetoxylation of 2-butanone (111) and analogous 2-ketones with 
LTA takes place preferentially at the methyl group, although the rate of enolization for the 
methylene group is faster than for the methyl group, suggesting that enolization may not be 
in all cases the rate-determining step in the formation of acetoxy ketones. 367 


O 


ill 


LTA 

AcOH 


YY° Ac + 

o 

Major 

product 


OAc 


O 


6.2. Scope and Limitations 

a-Acetoxyiation of unsymmetrical cyclic ketones, such as 2-alkyl-cyclohexanones, 
proceeds preferentially at the less substituted a-carbon, which was interpreted either as the 
consequence of greater stability and favored formation of the enolic species containing a 
trisubstituted double bond (relative to the tetrasubstituted structure), or by assuming that 
nucleophilic attack by the acetoxy group proceeds more readily on the enolic intermediate in 


o o o 



cis and trims 

22% 11% 


which the olefinic bond has less electron density. Also, from product distribution, it was con¬ 
cluded that of the cis-trans diastereomeric pairs, those epimeric products are usually formed 
in excess which result from axial attack of the acetoxy group on the substrate. 368 

From ketones which contain two a-CH groups, it is possible to obtain diacetoxy 
derivatives. Geminal diacetoxy derivatives can also be formed as minor products: however, 
they readily hydrolyze (often under the reaction conditions used or during the work-up 
procedure) to give the corresponding a-diketones or keto-aldehydes. 368 ' 369 

When two electron-withdrawing groups are attached to a methylene or methine group, 
such groups become particularly reactive. Thus, /i-dicarbonyl compounds, /J-keto-esters, 
malonic esters, and other compounds of similar structure, can be acetoxylated at the 
activated C-H bond even at room temperature. 370 ' 371 

CH,COCHXOOEt —t™-* CH,COCHCOOEt 

1 - AcOH 3 | 

OAc 

53% 

Upon LTA oxidation of conjugated ketones, the acetoxy group is preferentially 
introduced at the saturated carbon adjacent to the carbonyl group. 368 " 369 ' 372 



78% 
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The LTA acetoxyiation reaction has been applied to a variety of carbonyl compounds, 
particularly interesting results being achieved in the steroid series; in the latter case not only 
saturated and unsaturated ketones, but also epoxy-ketones 173 and steroidal lactones 174 have 
been successfully acetoxylated by the LTA procedure. Some typical examples of these 
oxidations are presented in Table VIII. 

a-Acetoxy ketones have been also formed by the LTA oxidation of enol-acetates. the 
direction of acetoxyiation depending on the position of the double bond in the parent enol- 


TABLE VIII. Acetoxyiation of Carbonyl Compounds by LTA 


Carbonyl compound 

Acetoxylated products 

Yield (%) 

Reference 

Acetone 

a-Acetoxyacetone 

22 

27, 370 


a.a'-Diacetoxyacetone 

17 


Methyl ethyl ketone 

1 -Acetoxy-2-butanone 

31 

27, 367 

Acetophenone 

a-Acetoxyacetophenone 

32-75 

371 

Butyrophenone 

a-Acetoxv butyrophenone 

34 

375 

Benzylphenyl ketone 

Acetoxybenzylphenyl ketone 

20-85 

27, 376 

a-Tetralone 

2-Acetoxy-x-tetraione 

14 

377 

Cvclopentanone 

x-Acetoxvcyclopentanone 


377 

Cyclohexanone 

a-AcetoxycycIohexanone 

59 

368, 371 

Cycloheptanone 

x-Acetoxycycloheptanone 

58 

378 


x.x'-Diacetoxycycloheptanone 

15 


2-Methylcyclohexanone 

2-Methyl-6-acetoxycyclohexanone 

22 

368 


2-Methyl-2-acetoxycyclohexanone 

n 


3.5-Dimethylcycio- 

3,5-Dimethyl-2-acetoxycyclo- 

68 

379 

hexanone 

hexanone 



3.3,5-Trimethylcyclo- 

3.3,5-T rimethyl-2-acetoxy- 

23 

368 

hexanone 

cyclohexanone 




3.3.5-Trimethyl-6-acetoxy- 

31 



cyclohexanone 



Acetylacetone 

3-Acetoxyacetylacetone 

25 

371 

Ethyl acetoacetate 

Ethyl a-acetoxyacetoacetate 

53 

370,371 

Diethyl malonate 

Diethyl acetoxymalonatc 

79 

371 

Isophorone 

2-Acetoxyisophorone 

78 

368. 372 

lndan-1-one 

2-Acetoxvindan-1 -one 

35 

377 

5x-Cholestan-3-one 

2a-Acetoxy-5a-cholestan-3-one 

51 

365 

5a-Cholestan-2-one 

3a-Acetoxy-5a-cholestan-2-one 


365 

5/?-Cholestan-1 -one 

2a-Acetoxy-5/i-cholestan-1 -one 

28 

380 

Cholest-5-en-3-one 

4a-Acetoxycholest-5-en-3-one 

30-40 

381 

Cholest-4-en-3-one 

2a-Acetoxycholest-4-en-3-one 

10 

382 

17/f-Acetoxyandrosl-4- 

2a (and 2/1), 17/t-Diacetoxy- 

42 

383 

en-3-one 

androst-4-cn-3-one 



Progesterone 

2a-Acetoxyprogesterone 

8 

383 

4.4-Dimethyl-5x- 

3a-Acetoxy-4.4-dimcthyl-5a- 

58 

384 

androstan-2-one 

androstan-2-one 



3//-Acetoxy-5a-pregnan- 

3/7.21 -Diacetoxy-5x-pregnan- 

53 

385 

20-one 

20-one 



3/(-Acetoxy-Sa-pregnane- 

3/7.21 -Diacetoxv-5a-pregnane- 

86 

366 

! 1,20-dione 

11,20-dione 
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acetate. 367 Thus, from the two isomeric enol-acetates 112 and 113, respectively, two isomeric 
a-acetoxy ketones were obtained. 


OAc 


c 6 h 5 -ch=c-ch, 

112 


OAc 

I 

C,H,-CH,C=CH, 


QHj-CH-COCH, 

I 

OAc 

41% 


C 6 H 5 -CH,COCH,OAc 


113 


46% 


7. CARBOXYLIC ACIDS 

LTA has been extensively used to effect oxidative decarboxylation of carboxylic acids. 
Applications of this reaction in organic synthesis were comprehensively reviewed in 1972. 14 
Monocarboxylic acids are relatively stable towards LTA, undergoing oxidative decar¬ 
boxylation only when exposed to thermal (heating) or photoiyticai conditions (irradiation at 
300-350 nm). Most often the main reaction products are alkanes, alkenes, esters, and other 
products (see Scheme 8), formed in relative amounts which depend on the structure of the 
substrate and experimental conditions. Cupric acetate accelerates the oxidative decar¬ 
boxylation of primary and secondary acids, affording alkenes in high yield. Decarboxylations 
performed in the presence of metallic halides give the corresponding halogenides, usually as 
the only reaction products. 


7.1. Mechanism 

It is generally accepted that decarboxylation of carboxylic acids prodeeds via a free 
radical chain mechanism, 386 " 388 outlined in Scheme 8. 

There are several experimental findings supporting a free-radical chain mechanism, the 
most important being (i) initiation of decarboxylation by light or free radical 
initiators 386 ' 387 ' 389 ; (ii) trapping of alkyl radicals by radical scavangers, such as oxygen or 
phenols 387 3884 ; (iii) detection of both alkyl and carboxyalkyl radicals by ESR spectroscopy 
(in solid benzene matrix). 146 ' 390 

Homopolar decomposition of Iead(IV) carboxylates, produced in fast metathesis, leads 
to a transient acyloxy radical which rapidly decomposes to form an alkyl radical and carbon 
dioxide. In the propagation step oxidation of the alkyl radical by lead(IV) species affords the 
corresponding carbenium ion and iead(III) carboxylate, which by decomposition produces a 
new alkyl radical capable to induce further decomposition of lead(IV) carboxylates. Skeletal 
rearrangement typical of carbenium ions observed in some LTA oxidative 
decarboxylations 391 indicates that the reaction proceeds via a carbenium ion intermediate. 

The rate of oxidation of alkyl radicals to carbenium ions depends on the relative 
stability of these species and parallels the ease of decomposition of the lead(IV) carboxylates, 
which increases with increasing stability of the alkyl radical in the order (as expressed in 
terms of the starting acid); RCH=CHCH 2 COOH > RjCCOOH > R 2 CHCOOH > 
RCH : COOH >CH 3 COOH. Therefore, the structure of the radical R will greatly influence 
both the rate and the course of the decarboxylation reaction. 
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SCHEME 8 


Metathesis: 

R-COOH + Pb(OAc)„-- R — COO — Pb(OAc), 

Initiation: 

R —COO —Pb(OAc), -- ° r * 1 -> R — COO' +' Pb( OAc), 

R-COO’-> R+CO, 

Propagation: 

R‘ + R — COO — Pb( OAc ) 3 -► R* + R-COO-Pb(OAc), + AcO“ 

R —COO —Pb(OAc),-► R' + Pb(0Ac) 2 + C0 2 

Termination: 

R' + R —COO — Pb(OAc) : -► R + + R-COO-Pb(OAc) +AcO' 

or R' + SH-► RH + S' or R-S + H' 

(reactions with solvent SH) 

or R' + R'——* R —R or R + +R~ 

(dimerization) (disproportionation) 

Product formation: 


R * 


oxidative elimination 


oxidative substitution 


alkenes 


esters 


7.2. Scope and Limitations 

In the oxidative decarboxylations of primary and secondary carboxylic acids a variety of 
products can be obtained. Since the oxidation of primary and secondary alkyl radicals by 
lead(IV) [or a caged lead(III) species] is an inefficient process, the main reaction products of 
decarboxylation of primary acids are alkanes (formed by hydrogen abstraction from the 
solvent) or, when the reaction is preformed in benzene solution, phenylalkanes (formed by 
homolytic aromatic substitution); with secondary alkyl radicals, derived from secondary car¬ 
boxylic acids, in addition to alkanes, substantial amounts of the corresponding esters (i.e., 
products of oxidative substitution) or alkenes (products of oxidative elimination) are also 
formed (see Scheme 8). 387 ' 392 On the other hand, in the case of tertiary alkyl radicals or other 
radicals of similar stability, both their generation [by homolysis of the respective lead(IV) 
carboxylates] as well as the electron transfer oxidation to the corresponding carbenium ions 

COOH OAc 


C.H..80C 


66% 

are very fast processes leading to almost exclusive formation of alkenes or acetates. Usually 
acids which contain a tertiary alkyl group (for example, the acid 114), upon oxidation with 
LTA give predominantly alkenes, whereas acids, such as 115, which produce allylic radicals, 
give preferentially acetates. 387,393 
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ch 3 


CH, 


CH 3 


CH 3 CH 2 CH 2 -C-COOH ■ L - TA -— - * CH 3 CH 2 CH 2 C=CH 2 + CH 3 CH 2 CH=C-CH 3 


ch 3 


54% 


28% 


114 


h-C 4 H 9 CH = CH-CH 2 COOH AcOH c 7 „ t - n-C 4 H 9 CH = CHCH 2 OAc 

115 30% 


+ n-C 4 H,CH-CH = CH 2 


OAc 

21 % 

However, the relative proportions of alkenes to acetates may be influenced by changing 
experimental conditions. Thus, the yield of esters can be increased if the reaction is perfor¬ 
med in acetic acid in the presence of a large excess of potassium acetate, while in 
dimethylformamide solution the yield of alkene is increased. 14 

Catalytic amounts of cupric acetate accelerate the decarboxylation of carboxylic acids; 
in addition, the rates of the electron transfer oxidation of primary and secondary alkyl 
radicals by cupric ions are [contrary to the oxidation by Pb(IV) species] very fast, 
approaching diffusion controlled rates. 394 ' 395 Therefore, when a primary or secondary acid 

II \ / 

— C —C‘ + Cu(OAc) 2 -► C = C + Cu + + H + 


Cu + + Pb 4+ -► Cu 2+ + Pb 3 + 


(such as 116) is oxidized with LTA in the presence of cupric acetate, not only the rate, but 
also the reaction course will be changed and olefins are formed in high (often quantitative) 
yield, at the expense of alkanes, esters, or other products. 386 ' 395 On the other hand, cupric 
acetate has little effect on the rate of decarboxylation and product distribution in the LTA 
oxidation of tertiary acids, probably owing to the relatively facile oxidation of tertiary alkyl 
radicals to carbenium ions by lead(lV) species. 386 

COOH 

6 -dgfer- O + O 

U6 38% 14% 



LTA. CulOAc)> 
C* H 6 .8(TC 


O 

100% 


The rate of the LTA oxidative decarboxylation of carboxylic acids is also considerably 
enhanced and the reaction course is again completely changed when the reaction is carried 
out in the presence of one molar equivalent of metal halides, such as lithium, sodium, or 
potassium chloride; under these conditions alkyl halides are usually the only reaction 
products. 397 Halodecarboxylation of acids with the LTA-LiCl reagent and formation of alkyl 
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CH, CH, 

CH,CHCH,COOH — ^ LlC - ' - . CH,CHCH,-C1 

99% 

halides in high yield is explained by a rapid ligand-transfer oxidation of alkyl radicals by 
lead(IV) species containing at least one halide ligand. 398 In the case of primary and secon¬ 
dary acids this process outweighs by far the relatively slow electron-transfer oxidation. From 
the fact that in the LTA-LiCl oxidations with substrates such as 117 products characteristic 

LiCl + R-COO —Pb(OAc) 3 -> CI-Pb(OAc), + LiOCOR 

R' + Cl —Pb(OAc) 3 -► R—Cl +'Pb(OAc), 

of the rearrangement of carbenium ion intermediates have not been observed, it was con¬ 
cluded that the ligand transfer oxidation does not proceed via a free (or paired) carbenium 


ch 3 

I 


CH 3 

1 

-C-CHXOOH - 

LTA. LiCI 

1 

- CH 3 -C-CH 3 -C1 

ch 3 

1 

ch 3 

QH, 


117 92% 


Halodecarboxylation of cis- and z/ww-4-t-butylcyclohexanecarboxylic acid (118 and 
119) with LTA-LiCl gave the same ratio of cis- and zranj-4-z-butylcyclohexyl chloride (120 
and 121), indicating, in both cases, the intermediacy of the same 4-/-butylcyclohexyl radical 
(122), irrespective of the stereochemistry of the starting carboxylic acid. 399 ' 400 




122 

i 


Cl 


H 

^' H 

+ 


120 

1:2 

121 


Another type of decarboxylation of carboxylic acids with LTA, known as iododecar- 
boxylation, occurs when the LTA reaction is performed in carbon tetrachloride in the 
presence of one molar equivalent of iodine, and by irradiation of the reaction mixture with a 
tungsten lamp. This reaction represents a convenient method for the preparation of alkyl 
iodides from carboxylic acids 401 (similarly to the Hunsdiecker degradation), and is believed 
to involve the formation and subsequent decomposition of acyl hypoiodites. 
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R-COOH —> RCOO —Pb(OAc),-R-COO' 

-^-► R-COOI ~ CO; '~ r . R' 1;(ofl '' ■> R — I 

-r 

In the conversion of the ester-acid 123 to the corresponding iodo-ester 124. the 
iododecarboxylation reaction with LTA-I 2 was achieved by combining photolytic and ther¬ 
mal conditions. 402 '* 03 


cooch, 

^^-COOH 


123 


LTA, I. 
C.H.. hr 
reflux 


85% 

124 


-COOCH, 

I 


1,2-Dicarboxylic acids undergo oxidative bisdecarboxylation when heated under reflux 
with LTA in benzene-pyridine, acetonitrile, or dimethyl sulfoxide solution, affording olefins, 
usually in high yield. 2,14 - 391 - 404 ' 405 This reaction has been extensively used for the introduction 
of the olefmic double bond into bridged and fused polycyclic gem-dicarboxylic 
systems. 405 ' 406 ' 407 It is assumed that, similarly to the decarboxylation of monocarboxylic 


-C-COOH 

-C-COOH C ‘ H ‘' P>r ' d,n ' 
I 


c 

|| + Pb(OAc)-, + CO, + 2AcOH 

C 

' \ 


acids, bisdecarboxylation also proceeds via radical and carbenium ion intermediates. 14 Such 
a stepwise mechanism is supported by lack of stereospecificity in the bisdecarboxylation reac- 


/LCOOEt 

/xa _cooh 

^"'^-COOH 


LTA.C.H, 

1 -2 equiv. pyndme 


/I COOEt 


65% 



LTA 

Pyridine 


20% 


tion; thus, both racemic and mcso-diphenyisuccinic acids yield exclusively trans-stilbene 
(without a traces of the cis-isomer) when treated with LTA. 391 ’ 408 Similarly, both cis- and 


C" 


C — COO — Pb(OAc) 3 


I I 

-C-COOH — C—COO —Pb(OAc) 3 

I » I 

-C-COOH -C-COOH 


-C + -C 

I 

— C —COO —Pb(OAc) 3 


C 


PbdlUor 

PbfIV) 


—c—coo — 


-CO; 


c 
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Ph H 

\ / 

C 


Ph-CH-COOH 

1 2 equiv. pyridine. 80 C 

c 




/ \ 

H Ph 

41 %-44% 


f«ms-dicarboxylic acids 125 and 126 afford the only possible unsaturated isomer (127) in 
comparable yield (ca. 21%). 14 



126 

1,3-Dicarboxyiic acids react differently with LTA. Usually they undergo monodecar¬ 
boxylation, yielding the corresponding ‘/-lactones as the main reaction products. 409 



1,1-Dicarboxylic acids are decarboxylated when heated with LTA in benzene solution 
containing two molar equivalents of pyridine. The initial products, gem-diacetates, are 
usually readily hydrolyzed (during the work-up procedure) to the corresponding ketones. By 
this method, disubstituted malonic acids have been successfully converted to a variety of 
ketones, 410-412 as for example 1,1-cyclopentanedicarboxylic acid 128 to cyclopentanone. 410 
However, the yields of ketones are not always satisfactory. 14 ' 413 



COOH 

COOH 


128 


LTA.C.H, 

Pyridine 


o° 

45% 


The LTA oxidation of unsaturated carboxylic acids can lead to different types of 
products, depending on the relative distance and spatial orientation between the carboxyl 
group and the ethylenic bond. When this steric and structural relationship is favorable, 
acyclic and cyclic y-olefinic monocarboxylic acids react with LTA mostly without decar¬ 
boxylation but with double bond participation, to give the corresponding acyloxy monolac¬ 
tones, usually in good yield 13414-416 (see also Table IX). 




COOH 


C*H 6 or pyndme 


OAc 


35%-70% 



Oxidations with Lead Tetraacetate 


793 


TABLE IX. Decarboxylation of Carboxylic Acids 


Carboxylic acid 


Products 


Yield (%) Reference 


Trimethylacetic acid 
a.a-Dimethylvaleric acid 


oO 


COOCH, 


COOH 

OCH, 


COOH 


A. Monocarboxylic Acids 
(a) To olefins without additives 

Isobutene 

1- Butyl acetate 

2- Methylpent-1 -ene 
2-Methylpent-2-ene 



48 386 

9 

42 386 

23 

56 417 


70 418 


(b) To olefins in the presence of cupric acetate 


Cyclobutanecarboxylic acid 

Cyclobutene 

68 

396 

n-Heptanoic acid 

1-Hexene 

72 

396 

Cyclohexanecarboxylic acid 

Cyclohexene 

100 

396 

Cyclohexylacetic acid 

Methylenecyclohexene 

84 

396 

Suberic acid (mono ethyl ester) 

Ethyl 6-hcptenoate 

60 

396 


off 1 ' 

76 

419 

COOH 




aO 0 " - 

rHT 

60 

420 


COOH 

CO 



do 

88 

421 


00 

12 



(c) To alkyl acetates 



Vinylacetic acid 

Allyl acetate 

87 

393 

c.ro-Norbornane-2-carboxylic acid 

e.vo-2-Norbornyl acetate 

24-67 

391 

l-Cycloheptene-5-carboxylic acid 

4-Cycloheptenyi acetate 

70 

422 

p-Methoxvphenylacetic acid 

p-Methoxybenzyl acetate 

99 

393 

Triphenyiacetic acid 

Triphenylmethyl acetate 

89-95 

386,423 

COOH 

OAc 





75 

424 


Table continued 




794 


Mihailo Lj. Mihailovic et al. 


Carboxylic acid 


COOH 


/-Butyric acid 
n-Valeric acid 
/-Valeric acid 

Cyclobutanecarboxylic acid 
//.//-Dimethylpropanoic acid 
Cyciohexanecarboxvlic acid 
Phanvlacetic acid 


TABLE IX. Continued 


Products 


OAc 


(d) Halodecarboxylation 


Yield (%) Reference 


60 425 


89 426 


/-Propyl chloride 

98 

397 

n-Butyl chloride 

92 

397 

/-Butyl chloride 

99 

397 

Cyclobutyl chloride 

98 

397 

Neopentyl chloride 

92 

397 

Cyclohexyl chloride 

100 

397 

Benzyl chloride 

90-95 

393 

o , M v V 

80 

427 


^'^'Y'^cooh 

n-Hexanoic acid 
12-Oxostearic acid 

A 

Ph COOH 
(( is- or tram -1 


n-Amyl iodide 
11-Oxoheptadecyl iodide 

A 1 


B. Dicarboxylic Acids 
(a) 1,2-Dicarboxylic acids 


COOEt 

/k^COOH 


MeOOC (kcOOMe 

>Tvcooh 

l -^U-COOH 


401,429 

401,429 


d/-2,3-Diphenylsuccinic acid 

mnw-Stilbene 

44 

391 

mero-2.3-Diphenylsuccinic acid 

irans-Stilbene 

41 

391 

COOH 




nX 

m 

30-38 

431 

COOH 




COOH 




pX „„ u 


40 

432 

AcO COOH 

AcO 



^.COOH 

(T T 

^"COOH 

0 

76 

408 
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TABLE IX. Continued 


Carboxylic acid 


Products 


Yield (%) Reference 


WjkyCOOH 

U-kX COOH 


33 

435 

S^COOH 


25 

436 

COOH 

(b) gem-Dicarboxyiic acids 



1,1 -Cyclobutanecarboxylic acid 

Cyclobutanone 

20 

14 

1,1-Cyclopentanedicarboxylic acid 

Cyclopentanone 

45 

410 

1,1-Cyclohexanedicarboxylic acid 

Cyclohexanone 

50 

410 

COOH 

k>'^ A COOH 

6 > 

60 

412 


COOH 




C. Cyclization of y-Unsaturated and Aromatic Acids 
(a) y-Unsaturated acids 
R. f~\= o 

(?X/ ~ s 'coo 



COOH 


COOH 


^ 'O 

R — AcO or . 


AcO 

AcO 





(b) Aromatic acids 


75-85 


35-70 


65-80 


416 


13,414 


13,414 


5-Phenylvaleric acid 

Tetralin" 

42 

388 

Diphenyl-2-propanoic acid 

9,10-Dihydrophenanthrene“ 

42 

388 


CK>* 

85 

437,438 

COOH 





" With decarboxylation. 
h Without decarboxylation. 


8. NITROGEN-CONTAINING COMPOUNDS 
8.1. Amines 

Primary alkyl- or aralkyl-amines containing an a-methylene group are dehydrogenated, 
upon treatment with two molar equivalents of LTA in nonpolar solvents, to the 
corresponding alkyl (or aryl) cyanides, in yields ranging up to 65%. 439 ' 440 The reaction is 
regarded as a two-step dehydrogenation process involving initial formation of an unstable 
aldimine 129. which reacts further with LTA to afford cyanide as the final product. 440 The 
intermediate formation of aldimines is supported by LTA dehydrogenation of independently 
prepared aldimines to the corresponding nitriles. 441 442 

R —CH : —NH ; —R — CH,NH — Pb(OAc) 3 —R —CH = NH 

129 


LTA 


R —CH=N — Pb(OAc) 3 


— 2H 


R-C = N 
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SCHEME 9 


I TA /' i 

Ar,C-NH,-:-► Ar,C-NH - Pb(OAc), 


130 


Ar 131 


- PWOAc); 


ArX*^N^H«-s 


Ar 


OAc 


Ar,C = N —Ar 


The LTA oxidation of 1,1-diphenylethyl- and triphenylmethylamine 130 is accompanied 
by rearrangement, affording ketimines. 445444 It was suggested that migration of the aryl 
group from carbon to nitrogen in the intermediate 13 1 443,444 occurs simultaneously with the 
heterolvtic cleavage of the N-Pb bond, according to Scheme 9. 

The LTA oxidation of primary aromatic amines leads to symmetrical azo compounds in 
varying yields. 445 ' 447 Since hydrazo compounds 132 are readily dehydrogenated to the 

Ar —NH 2 —Ar-NHNH-Ar —Ar —N = N —Ar 

132 

35%-50% 

corresponding azo derivatives by means of LTA, 445,448 449 they probably appear as inter¬ 
mediates in these oxidations. 445 " 447 In addition, small amounts of quinones can be also for¬ 
med, although with some aromatic amines quinones may become the major reaction 
products. 445 

Oxidation of aromatic 1,2-diamines, such as o-phenylenediamine, affords cis- 
muconitriles in fair yield. 450 

lta f^CN 

35%-50% 

Tertiary aromatic amines are readily oxidized by LTA in chloroform-acetic anhydride 
solution to give aldehydes and A-acetyl-A-alkylamines. 451 It was suggested that the 
immonium ion 133 is a possible intermediate, which hydrolyzes to the final products 
according to Scheme 10. 



SCHEME 10 


Ar —N = CHR' 

I 

R 

133 


Ar-N 


/ 


CH,R' 


Pb(OAc)j 

I 

Ar-N-CHR' 

I I 

R H 


Ac 


Ar-N +R-CHO 

\ 

R 

20%-90% 50 %-93 % 
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8.2. Amides 


Unsubstituted amides react with LTA in aprotic solvents to give isocyanates, 452 453 in a 
process similar to the Hofmann-type rearrangement of amides. Since nitrene intermediates 
have not been detected, it appears that the reaction proceeds by a concerted mechanism. 


R-CONH, 


LTA 
- AcOH 


R —C —N — Pb(OAc) 2 

I A 

H Ao 


-- R —N = C = 0 + PbfOAcU 

- AcOH 


o=c-ch 3 


The LTA oxidation of amides is usually performed in the presence of alcohols (or in alcohol 
itself), when the corresponding carbamates (RNHCOR') are obtained in good yield. 4548 In 
the presence of carboxylic acids, the main products are acyiamines. 454b 

cAAoh- <3- NHCOCH ' 

88 % 


When the hypoiodite version of the LTA oxidation is applied to unsubstituted or 
monosubstituted amides possessing a y-hydrogen, an intramolecular substitution at the non- 
activated carbon atom occurs, yielding "/-lactones as the final product. 455 This reaction is 
considered to proceed according to Scheme ll. 456 



55% 


8.3. Hydrazines 

The course of the LTA oxidation of hydrazines is particularly sensitive to the structure 
of the substrate and reaction conditions. Thus, arylhydrazines are oxidized with LTA to give 
aryldiazonium ions, 457 while A.A^'-disubstituted hydrazines afford azo compounds. 

SCHEME 11 



hv 



!• 


R 


OH 

NH 
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Ar-NHNH- 


Ar —N = NH 


Ar-N; 


Ar-NHNH-Ar 


Ar —N = N —Ar 


On the other hand, A.A-disubstituted hydrazine derivatives can give tetrazines 134 (for¬ 
med by nitrene coupling) or products derived from further LTA oxidation. 45 * 


2(PhCH-,)-,N —NH-, - 


(PhCH 2 ) 2 N —N = N —N(CH 2 Ph) 2 

134 


Ph —CH 2 —N 3 + (PhCH 2 ) 2 NH + Ph — CHO 


76% 63% 75% 

A'-Alkyl-A’-acylhydrazines and A',/v''-diacylhvdrazines undergo dehydrogenation with 
LTA affording the corresponding azo compounds. 459-460 

Ar —NHNH-COAr' —L™—► Ar-N = N-COR' 


O 


O 


vA^nh 

o 


N 

n 

■N 


O 


8.4. Oximes 

The products obtained in the LTA oxidation of oximes vary with the structure of the 
substrate, the ratio of oxidant to substrate, solvent, temperature, and the presence of nitric 
oxide. 1-2-1516 Aliphatic ketoximes, as nitrogen analogs of enols, when treated with LTA in an 
inert solvent, undergo acetoxylation at the a-carbon atom producing a-nitroso-a- 
acetoxyalkanes, 136 (in yields ranging up to 75%). 461_463 This reaction probably proceeds by 
intramolecular decomposition of the lead triacetate intermediate 135. However, when 

R R R 


C = N 


C = N 


OH R \ O 

o) 0>b(OAc) 2 


CH,C — O 


135 


C —N = 0 + Pb(OAc), 

/I 

R OAc 
136 


R R OAc 

\ \ / 

c=o -- c 

/ / \ 

R R OAc 
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oxidation is performed in acetic acid, both aromatic and aliphatic ketoximes are transformed 
to the parent carbonyl compounds. It appears that carbonyl compounds arise from decom¬ 
position of the nitrosoacetates 136 in acetic acid. 461 With svn-aldoximes at low temperature 
( —78°C) nitrile oxides 137 (i.e., products of dehydrogenation) are obtained in high yield. 464 

R 


\ LTA + 

C = N -——► R —C = N —O - 

/ \ 

H OH 137 

These compounds are of considerable synthetic value, since they readily undergo 1,3-dipolar 
cycloaddition reactions to give useful products. 465 When the LTA oxidation of aliphatic syn- 
or an/i-aldoximes is performed at room temperature, nitroso-acetate dimers are formed in 
yields up to 70% 461 ' 464 (see Table XA). 

R R OAc OAc O" 


C=N—OH 


LTA 

Room temperature 


c 


R —C—N == N —CH — R 


H 


H NO 


O - OAc 


The LTA oxidation of aromatic ketoximes in neutral solvents affords the parent car¬ 
bonyl compounds (see Table XB), in addition to some dimeric products, such as azine 
monoxides 138, or other products derived from the iminoxy radical intermediates. 466 


\ 

C=N—OH 

/ 

Ar 


LTA 

CHjCI: 


Ar 

\ 

c=o + 

/ 

Ar 


Ar O 

\ I 

C = N —N=C 


Ar 


/ \ 


Ar 


138 


Ar 


8.5. Hydrazones 

The LTA oxidation of hydrazones can also give a variety of products, depending on the 
structure of substrate and reaction conditions. 1 "' 151619 The A'-unsubstituted hydrazones of 
both aldehydes and ketones are oxidatively dehydrogenated (via the hydrazone-lead 


TABLE X. Oxidation of Oximes 


Oxime 

Products 

Yield (%) 

Reference 

Acetone oxime 

A. To a-Nitroso-a-acetoxyalkanes (in Et 2 0) 

2-Nitroso-2-acetoxypropane 

26-64 

461 

Diethylketone oxime 

3-Nitroso-3-acetoxybutane 

59 

461 

Cyclohexanone oxime 

1 -Nitroso-1 -acetoxycyclohexane 

35-75 

461,462 

Cycloheptanone oxime 

1 -Nitroso-1 -acetoxycycloheptane 

50 

461 

Nonanai oxime 

B. To Carbonyl Compounds (in Acetic Acid) 

Nonanai 

94 

467 

p-Methoxybenzaldoxime 

p- Methoxy benzaldeh yde 

90 

467 

2-Heptanone oxime 

2-Heptanone 

90 

467 

5a-Cholestan-3-one oxime 

5a-Cholestan-3-one 

75 

467 
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tracetate complex 139), to give the corresponding diazo compounds. However, only the more 
stable diazo compounds, i.e., those containing electron-withdrawing substituents at the a-car- 
bon atom, can be isolated. 470,47 ' Usually diazo compounds react further with LTA (when 
reaction is performed with two molar equivalents of oxidant) to give 1,1-diacetoxy 
derivatives 140(/>, or with acetic acid to give 1-monoacetoxy derivatives 141 (ii). 468,469 In 
addition, in some cases, azines and olefins can also be isolated, as the result of dimerization 
of, or nitrogen elimination from, the primarily formed diazo compounds. 468 469 


R,C = N —NH; -- -- > R 2 C = N —NH —Pb(OAc) 3 

139 


R 2 C(OAc) 2 

140 


R 2 C = N = N- 

(h) AcOH 

R 2 CH-OAc 

141 


Monosubstituted hydrazones of aldehydes undergo oxidative transformation when 
treated with LTA in acetic acid to give jV-acetyl-W-acylhydrazones. 145 Similarly to 
unsubstituted hydrazones, the reaction proceeds by cleavage of the nitrogen-lead bond in the 
initially formed A'-lead triacetate intermediate 142. The nitrilimine 143 so obtained reacts 
with acetic acid to give hydrazonyl acetate, 144. which undergoes rearrangement to the final 
A'-acetyl-A r '-acylhydrazone 145. 477-474 

R—CH = NNH —R' —iH* R-CH = N-N-R' -► [R-C = N-N-R ] 

I 

Pb(OAc) 3 143 


142 

R —C = NNHR'—R-C-NH-N-R' 

I 11 I 

OAc O Ac 

144 145 


When the LTA reaction is performed in alcoholic solution, in addition to the 
hydrazonyl acetate (144), the corresponding hydrazonyl ethers are also obtained. 472 


R —CH = NNHR'-——► [R —C = N —N —R'] CH ’ - “ • R —C = NNH —R' 

CHiOH L J | 

143 OCH 3 

In general, the LTA oxidation of monosubstituted ketone hydrazones results in a- 
acetoxylation to give the corresponding azo-acetates 146. 476 However, when the reaction is 
performed in alcoholic solvents, a mixture of azo-ethers and azo-acetates is obtained. 477,478 


R,C = NNHR' 


LTA 

R-OH 


R-,C = N —N —R' 

I 

Pb(OAc), 


RX —N = N —R' 
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TABLE XI. Oxidation of Ketone Hydrazones to Azo-Acetates 


Ketone hydrazone 

Product 

Yield f %) 

References 

Acetone phenylhydrazone 

2-Phenylazo-2-acetoxypropane 

83 

476 

Acetone p-bromophenyl- 
hydrazone 

2-( p-Bromophenylazo )-2- 
acetoxypropane 

90 

476 

2-Butanone phenylhydrazone 

2-Phenylazo-2-acetoxybutane 

81 

476 

Cyclopentanone 2.4-dinitro- 
phenylhydrazone 

1 -(2,4-Dinitrophenylazo)-1 - 
acetoxycyclopentane 

80 

476 

Benzophenone phenylhydrazone 

Phenyiazo-acetoxydiphenyl- 

methane 

90 

476 


Since azo-acetates are useful synthetic intermediates, a wide range of ketone hydrazones 
has been oxidized with LTA 1 ' 1619 (see Table XI). Thus, the substituted 1-aryl-indazole 148 
was conveniently prepared from the corresponding ketone hydrazone 147 by LTA oxidation 
and subsequent treatment of the initially formed azo-acetate with Lewis acids. 479 On the 
other hand, a,/?-unsaturated ketone hydrazones upon treatment with LTA undergo 
cyclization to the corresponding pyrazole products. 480 



9. EXPERIMENTAL CONSIDERATIONS AND PROCEDURES 


9.1. Hydrocarbons 

LTA oxidations of unsaturated hydrocarbons are performed in acetic acid, benzene, or 
low molecular weight saturated alcohols, as solvents. An equimolar ratio of reactants or a 
considerable excess of oxidant has been used. Reactions are usually carried out under 
anhydrous conditions at boiling point of the solvent or at lower temperature. Depending on 
the structure of the substrate and the reaction products desired, different reaction conditions 
are applied. 

Benzyiic acetoxylations by LTA are preferably performed in refluxing acetic acid, 
although oxidations of more reactive benzyiic C-H groups (in compounds possessing elec¬ 
tron donating substituents attached to the aromatic ring) can be achieved at room tem¬ 
perature. 

Oxidation of Cholesteryl Acetate by LTA to 7-Acetoxycholestervl Acetate' 9 A suspen¬ 
sion of 2.0 g of cholesteryl acetate, 4 g of lead tetraacetate (dried in vacuo over P 2 O s and 
KOH), and 0.5 g of anhydrous CaC0 3 in 150 ml of thiophene-free benzene (dried over Na) 
was stirred at reflux for 36 h, after which time the oxidant was completely consumed 
(negative starch-iodine test). The cooled mixture was diluted with ether, filtered through a 
Celite mat, and the insoluble precipitate thoroughly washed with water, aqueous NaHCO,, 
and water, and dried over MgS0 4 . The solvents were evaporated under reduced pressure 
and the crystalline residue (2.21 g) was chromatographed on 60g of neutral A1 ; 0 3 
(activity II). With light petroleum and light petroleum-benzene (9:1 and 8.2), 1.45 g (72.3%) 
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of the starting choiesteryl acetate was recovered. Elution with benzene gave a mixture 
(421 mg; 18.5%) of 7a- and 7/?-acetoxycholesteryl acetate in a ratio of about 3:2. 

Oxidation of 6-Methoxytetralin by LTA to I-Acetoxy-6-methoxytetralin. 114 A mixture 
containing 100 g of LTA. 150 ml of glacial acetic acid, and 33 g of 6-methoxytetralin is 
stirred at room temperature for 16 h. In the beginning the reaction is slightly exothermic and 
is controlled by external cooling. If the oxidant is not completely consumed, it must be 
decomposed by addition of a small amount of glycerol (Kl-starch test). After removing the 
solvent under reduced pressure, the oily residue is diluted with water and extracted with 
ether; the organic layer is successively washed with water, 10% aqueous Na : CO,. 2% 
aqueous NaOH, and finally with water and saturated aqueous NaCl solution, and then dried 
over anhydrous K ; CO,. The oily residue obtained after evaporation of the solvent is dis¬ 
tilled and l-acetoxy-6-methoxytetralin collected at 132-139°C/1 —2 mm Hg; yield 27.9 g 
(62%). 

Oxidation of 1-Pyrrolidino-l-cyclohexene by LTA to Ethyl Cyclopentanecarboxylate' 3 '. 
To a mixture consisting of 4.53 g (0.03 mole) of 1-pyrrolidino-l-cyclohexene, 4.26 g 
(0.03 mole) of boron trifluoride etherate and 1.7 ml (0.03 mole) of ethanol in 50 ml of ben¬ 
zene, 14 g (0.032 mole) of LTA was added, and the reaction mixture was stirred for 30 h at 
room temperature. The precipitated lead salts were filtered off and the filtrate treated with 
dilute hydrochloric acid. The organic solution was washed with water and aqueous 
NaHC0 3 . dried, and after the solvent was removed, distilled under reduced pressure, to give 
ethyl cyclopentanecarboxylate, b.p. 72-74°C/14mm Hg, in 3.1 g (78%) yield. 


9.2. Monohydroxylic Alcohols 

Lead tetraacetate oxidations of monohydroxylic alcohols can be performed under ther¬ 
mal or photolytic conditions, or in the presence of iodine. 

The thermal LTA reaction is usually carried out in benzene solution at reflux using a 1:1 
molar ratio of substrate to oxidant; the other solvents, such as cyclohexane, 
methylcyclohexane, heptane, or chloroform have also been used, 140 ' 78 ' 89196 ' 98 but in these 
cases the yields of cyclic ethers may be lower. The polar and basic solvent pyridine should be 
used only when the formation of carbonyl compounds is desired. The use of acetic acid as 
solvent is unsuitable, since it prevents alkoxylation of lead tetraacetate and also converts the 
starting alcohol to the corresponding acetate. 139140 However, the addition of some acetic 
acid and of anhydrous calcium carbonate (1-2 equivalents of each per equivalent of lead 
tetraacetate) to the reaction mixture in benzene, 139 140 148 appears to lead to optimal yields of 
cyclic ethers. In many cases the LTA oxidation does not proceed to completion, whereby the 
recovered alcohol and its acetate can be isolated in variable amounts. 

The photolytic LTA oxidation of alcohols can be readily achieved at room temperature 
by uv irradiation {wavelengths above 300 nm) of the reaction mixture in benzene. 140148149 
The yields of cyclic ethers (or ^-fragmentation products when formed) are comparable to or 
even sometimes higher than those observed in the thermal reaction. The best results are 
obtained when a 1:2-3 molar ratio of alcohol to oxidant is used and when 3-4 molar 
equivalents of pyridine are present in the benzene solvent 149 (the role of the base being to 
shift the equilibrium towards alkoxylation of LTA by neutralizing acetic acid formed in the 
course of the reaction). Since the photolytic reaction is performed at room (or lower) tem¬ 
perature, it represents a particularly convenient synthetic method in those cases when the 
substrate or/and products are sensitive to heat. 

The hypoiodite LTA oxidation of alcohols proceeds most efficiently in cyclohexane 
solution upon irradiation with light of a wavelength between 500 and 550 nm to induce 
decomposition of the O-I bond. Optimal yields are obtained when the molar ratios of sub¬ 
strate: I,:LTA are about 1:1.2—1.8:5. 

Oxidation of Alcohols by LTA to Tetrahydrofurans. Thermal Reaction. 5 135 137 227 In a 
500-ml flask equipped with a sealed stirrer and reflux condenser are placed dry starting 
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alcohol (0.1 mol), at least 120-150 ml of dry benzene, lead tetraacetate (0.1 mol + 5%-10% 
excess; dried in vacuo over phosphorous pentoxide and potassium hydroxide), and calcium 
carbonate (0.1 mol+10% excess, dried in vacuo over phosphorous pentoxide). It is not 
necessary for the oxidant to be completely dissolved; however, optimal yields of cyclic ethers 
are obtained when the reaction is carried out at higher dilution. The mixture is well stirred 
and heated to reflux; if at that point the reaction becomes vigorous, heating is interrupted 
until the mixture ceases to boil (usually requires a few minutes), and is resumed after the 
exothermic reaction has subsided. When the tetravalent lead has been completely consumed 
(negative starch-iodine test), refluxing is stopped and the mixture is allowed to cool to room 
temperature. If necessary, the reaction may be stopped before completion by addition of 
glycol or glycerol until the excess of lead tetraacetate has been destroyed. 

The reaction mixture is treated with 100-200 ml of dry ether (in order to ensure com¬ 
plete precipitation of the lead and calcium salts) and allowed to stand for 1 h at 10-15°C. 
The solution is then decanted, 30-50 ml of benzene or ether added to the solid residue in the 
flask, and the mixture heated to reflux for 5 min. The mixture is cooled to room temperature 
and filtered, whereas the precipitate is returned to the flask and the extraction with warm 
ether or hot benzene repeated. (This extraction can also be carried out with a Soxhlet 
apparatus.) The combined organic filtrates are washed successively with saturated aqueous 
sodium hydrogen carbonate (until neutral) and saturated aqueous sodium chloride. After 
drying (anhydrous K,C0 3 or MgS0 4 ) and removal of the solvents, the cyclic ethers are 
separated from other products by fractional distillation, gas chromatography, column 
chromatography, or occasionally by direct crystallization. 

Photolytic Reaction.'* 9227 In a cylindric irradiation vessel are placed the starting alcohol 
(0.02 mol), lead tetraacetate (0.04-0.06 mol), dry pyridine (0.06-0.08 mol), and dry benzene 
(200 ml). A high-pressure mercury lamp (Hanovia or Hanau Q81, 70-80 W) in a water- 
cooled Pyrex jacket is inserted into the reaction vessel, and the magnetically stirred mixture 
is irradiated at room temperature until tetravalent lead disappears. The solid material (lead 
diacetate) is removed by filtration and thoroughly washed with warm ether or hot benzene. 
The combined filtrates are extracted with 1 N hydrochloric acid (in order to remove 
pyridine), and then washed successively with saturated aqueous solution of sodium hydrogen 
carbonate and sodium chloride. The extracts are dried (anhydrous K 2 C0 3 or MgSOJ, the 
solvent removed by distillation (at atmospheric pressure or in vacuo), and the cyclic ethers 
and other products separated and isolated by appropriate methods. (For additional details 
see above procedure for the thermal LTA reaction.) 

Hypoidite LTA Reaction. Oxidation of 5-Chloro-3P,6fi-dihydroxy-5a-androsian-l7-one 3- 
acetate. 2 *' A stirred suspension of LTA (90 g) and calcium carbonate (30 g) in 4 liters of 
cyclohexane is warmed to 80°C and then iodine (20 g) and 5-chloro-3/?,6/?-dihydroxy-5a- 
androstan-17-one-3-acetate (15 g) is added. This mixture is irradiated with a 500-W tungsten 
lamp at reflux. When the iodine color has almost disappeared (about 90 min) the mixture is 
cooled, filtered off, and the residue thoroughly washed with ether. The combined filtrates are 
washed with 10% aqueous sodium thiosulfate and water, dried, and evaporated under 
reduced pressure leaving a crystalline solid which gave 12.8 g (85%) of pure 5-chloro-3/(- 
hydroxy-6/?,19-oxido-5a-androstan-17-one 3-acetate (after recrystallization from ether- 
methanol ). 

Fragmentation of Alcohols by LTA to Acetoxy Compounds. Fragmentation of 19-Hvdroxy 
Steroids. 2611 A suspension of LTA (2 g) and calcium carbonate (2 g) in benzene (200 ml) is 
shortly heated under reflux. Upon cooling 19-hydroxyandrost-4-ene-3,17-dione (2 g) is added 
and the mixture heated under reflux with stirring for 14 h. The cooled reaction mixture is 
filtered through Celite, the residue washed with benzene, and the combined filtrates are 
washed successively with 5% aqueous potassium iodide, 10% sodium thiosulfate, and with 
water, dried, and evaporated under reduced pressure. The crude oily product (2.03 g) is then 
chromatographed on 60 g of neutral alumina. The combined benzene and benzene-ether 
(9:1) fractions gave 1.21 g (55.4%) of 10-acetoxy-19-nor-androst-4-ene-3,17-dione, m.p. 
195-196°C (from acetone-petroleum ether). 
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Oxidation of Alcohols by LTA to Carbonyl Compounds (in Pyridine Solution ;.' 40 - 152 The 
starting (primary or secondary) alcohol (0.02 mol) is dissolved in dry pyridine (20-40 ml) 
and stirred at room temperature. To this is added in portions 8.9 g (0.02 mol) of powdered 
lead tetraacetate. This mixture immediately turns deep red and becomes homogeneous within 
30 min. After stirring for several hours, the color lightens and becomes pale yellow. At this 
point all of the lead tetraacetate is reduced to the diacetate, which precipitates upon addition 
of dry ether (20-40 ml) and cooling. The filtered organic solution is stripped of solvents by 
distillation and the carbonyl compound isolated by fractional distillation (if distillable) or by 
other usual procedures (upon treatment of the residue with ether, washing the ether extract 
with water, dilute mineral acid, and water, and evaporation of the solvent), depending on the 
physical properties of the products formed. 


9.3. 1,2-Diols and Polyols 

The LTA glycol cleavage is usually performed in acetic acid. The reaction is accelerated 
by addition of water or methanol. 284 It can also be efficiently performed in aprotic solvents, 
such as benzene, nitrobenzene, 1,2-dichloroethane, and 1,1,2,2-tetrachloroethane. 285 When 
1,2-diols are unreactive in acetic acid, cleavage of the carbon-carbon bond can be catalyzed 
by the addition of acid 291 or base, 288 or the reaction can be carried out in a nucleophilic 
solvent, for example pyridine. 289 methanol. 290 or dimethyl sulfoxide. 337 

Oxidation of Indane-1,2-diol by LTA to 2-Formylphenylacetaldehydc. 1 18 339 To a solution 
of 4.5 g of indane-1,2-diol (30 mmol I in 200 ml of dry benzene, heated to 75°C, 13.4 g 
(31 mmol) of LTA is added over 5 min. The solution is then refluxed for 5 min, cooled, 
filtered, and the filtrate evaporated under reduced pressure. Ether (50 ml) is added, and the 
solution is extracted with water (20 ml). The organic layer is then washed with aqueous 
sodium hydrogen carbonate (2x20 ml), and water (3x15 ml), and dried over anhydrous 
sodium sulfate. The solvent is removed under reduced pressure and the residue distilled to 
give 2.7 g (61 %) of 2-formylphenylacetaldehyde, as colorless oil, b.p. 98°C/0.4 mm Hg. 

Oxidation of D-Glucose by LTA to Di-O-formyl-D-enthrose.^ 09 D-Glucose (1.5 g, 
8.3 mmol) dissolved in 3 ml of water is taken up in 150 ml of acetic acid. Lead tetraacetate 
(7.7g, 17.4mmol) is added to the rapidly stirred sugar solution over a period of 3-4 min. 
When the oxidant has dissolved, oxalic acid dihydrate (1.9 g) dissolved in acetic acid is 
added, and the suspension is stirred for an additional 30 min. The precipitate is filtered and 
washed with acetic acid and the filtrate is concentrated to a volume of a few milliliters. Ethyl 
acetate is added and the precipitate formed is triturated with several portions of ethyl acetate. 
The extracts are combined, filtered, and concentrated to a sirup, which is further purified 
twice by extraction into ethyl acetate, thus giving di-O-formyl-D-erythrose (1.3g, 89%) as 
a clear, pale yellow oil, [a] 25 +20°C. On hydrolysis with dilute acid the compound gives 
D-erythrose in 90% yield. 


9.4. Phenols 

The oxidations of phenols by LTA are carried out in acetic acid, benzene, chloroform, 
or ethyl acetate as solvents. An equimolar ratio of reactants or a slight excess of oxidant is 
usually used. Because of the reactivity of phenols towards LTA, the reactions are mostly per¬ 
formed at room temperature. 

Oxidation of 2,4,6-Tri-t-butvlphenol by LTA to 2-Acetoxy-2,4.6-tri-t-butylcyclohexa-3,5- 
dienone and 4-Acetoxy-2.4,6-tri-t-butylcyclohexa-2.5-dienone. ,s * LTA (8.6 g) in 150 ml of 
benzene was added to 2,4,6-tri-r-butylphenol (5 g) in 50 ml of benzene, and the mixture was 
stirred overnight. It was then washed with water, dried, and the solvent evaporated under 
reduced pressure. The oily residue was chromatographed on alumina, and by elution with 
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light petroleum containing 10% of ether, it gave 2-acetoxy-2,4,6-tri-f-butylcycIohexa-3.5- 
dienone (60%) and 4-acetoxy-2,4,6-tri-f-butylcyclohexa-2,5-dienone (30%), in addition to a 
small amount of bis(2,4,6-tri-r-butylphenyloxy peroxide). 


9.5. Carbonyl Compounds 

x-Acetoxylation of carbonyl compounds with LTA, by using an equimolar ratio of reac¬ 
tants, is usually carried out in hot acetic acid or in boiling benzene. Acetoxylation is, in 
general, faster in acetic acid, but higher yields are obtained in benzene. Boron trifluoride 
strongly accelerates the LTA oxidation of carbonyl compounds. 

Oxidation of Cyclohexanone hv LTA to 2-Acetoxvcyclohexanone.' S7i A mixture of 19.6 g 
of cyclohexanone and 88.6 g of LTA in 150 ml of dry benzene is refluxed and stirred for 8 h, 
after which time the oxidant is completely consumed. The mixture is washed with water 
(4 x 50 ml) and the organic layer separated and dried over anhydrous MgS0 4 . After remov¬ 
ing the solvent, the residue is distilled under reduced pressure, to give unreacted 
cyclohexanone (3.6 g), boiling at 67-70°C/15 mm Hg, and 2-acetoxycyclohexanone < 19 g, 
59%), boiling at 123-126°C/16 mm Hg. Further distillation gave 1.1 g (2%) of 2,6- 
diacetoxycyclohexanone, b.p. 158-160°C/10 mm Hg. 


9.6. Carboxylic Acids 

There are many inert solvents, such as benzene, chlorobenzene, chloroform, dimethylfor- 
mamide, tetrahydrofuran, acetonitrile, pyridine, dioxane, and dimethyl sulfoxide, which have 
been used in the decarboxylation of acids by LTA. In some cases, in order to retard 
hydrolysis and/or enhance solubility of LTA, a mixture of these solvents with acetic acid is 
recommended. Reactions are usually carried out in an inert atmosphere at elevated tem¬ 
perature (about 80°C) or at room temperature under uv irradiation conditions. LTA decar¬ 
boxylations are accelerated by addition of pyridine, metal acetates (LiOAc or NaOAc), 
metal halides, and cupric salts, in the latter two cases products being specifically alkyl halides 
and alkenes. respectively. The presence of oxygen and phenols inhibits the decarboxylation 
reaction. 

Oxidation of I-Carbomethoxy-2-tndo-carbomethoxybicyclo[ 2.2.2 ] octane-5 ,6-endo- 
dicarboXvlic Acid by LTA to Dimethyl Bicyclof2.2.2Joct-5-ene-1,exo-2-dicarboxylate. 4i0 To 
83 ml of dry benzene, under nitrogen, 14.74 g (0.0471 mole) of l-carbomethoxy-2-«ufo- 
carbomethoxybicyclo[2.2.2]octane-5,6-e/u/0-dicarboxylic acid, 5.59 g (0.0707 mole) of dry 
pyridine, and 22 g (0.0471 mole) of LTA are added. The reaction mixture is heated to reflux 
with stirring, whereby the solid material dissolves with vigorous evolution of carbon dioxide. 
The mixture is refluxed for 2 h, during which time a white precipitate is formed. The solution 
is separated from the solid and washed with 30 ml of aqueous 2 N sodium carbonate, 40 ml 
of 2 A hydrochloric acid, and 10 ml of water. After drying over magnesium sulfate, benzene is 
removed by distillation and the residue is fractionated under reduced pressure to give 5.21 g 
(50%) of dimethyl bicyclo[2.2.2]oct-5-ene-1 ,e.w-2-dicarboxyiate, b.p. 86-87°C/0.26 mm Hg. 


9.7. Nitrogen-Containing Compounds 

Oxidation of n-Heptylamine by LTA to n-Hexyl Cyanide.* 40 /i-Heptylamine (11.5g, 
0,1 mole) was treated with 88.7 g (0.2 mole) of LTA in 200 ml of dry benzene, and the 
mixture stirred and refluxed until completion of the reaction (16 h). After cooling to room 
temperature, ether (100ml) was added, the separated lead salts removed by filtration, and 
the solid washed with ether. The combined organic solutions were washed successively with 
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aqueous 3% HC1. aqueous 5% NaHCO,. and water. After drying and evaporation of 
solvents, n-hexyl cyanide was distilled at 75-76°C/18 mm Hg, the yield being 6.9 g (62%). 

Oxidation of Cvclohexanecarboxamide by LTA to N-Cvclohexylacetamide. 454b 
Cyclohexanecarboxamide (1.5 g) and LTA (5.8 g) in 50 ml of acetic acid were stirred at 
80-90 C until all of the lead(IV) salts had been consumed (18 h). The reaction mixture was 
then evaporated and the residue extracted with ethyl acetate. The organic extract was washed 
with water and with aqueous Na 2 CO,, dried, and stripped of solvent. The solid residue was 
recrystallized from hexane to give 1.3 g (78%) of pure A'-cyciohexylacetamide. 

Oxidation of Cyclohexanone Oxime by LTA to gem-Nttrosoacetoxyclohexane 461 To a 
stirred suspension of 11.1 g of LTA in 150 ml of ether, cooled to 0-5°C, 2.82 g (0.025 mole) 
of cyclohexanone oxime in 100 ml of ether is added. The mixture is stirred for another 2 h, 
and then water is added and the organic layer successively washed with water, aqueous 
NaHCOj, and water, and dried over anhydrous MgS0 4 . Ether is removed by distillation 
under reduced pressure and the blue oily residue is fractionated to give gem-nitroso- 
acetoxycyclohexane in 93% yield (3.9 g), b.p. 62-78°C/5mm Hg. 

Oxidation of Acetone Phenylhydrazone by LTA to 2-Aceloxy-2-phenxlazopropane 41h A 
solution of 14.8 g (0.1 mole) of acetone phenylhydrazone in 25 ml of methylene chloride is 
added, in the course of 15 min, to a stirred solution of 49 g (0.11 mole) of LTA in 200 ml of 
methylene chloride. During the addition of hydrazone, the slightly exothermic reaction is 
maintained at 0-10°C (ice bath), and the mixture is then warmed to room temperature and 
stirred for another 15 min. It is treated with 200 ml of water (with stirring), the formed lead 
dioxide is removed bv filtration, and the methylene chloride layer is separated and washed 
successively with water and aqueous NaHCO,. After drying over anhydrous Na 2 S0 4 , the 
solvent is removed under reduced pressure and the residue distilled to give 17 g (84%) of 
2-acetoxy-2-phenylazopropane, b.p. 89°C/1 mm Hg. 


10. ADDENDUM 


10.1. Hydroperoxides 


It has recently been reported that, similarly to alcohols, phenyl-containing 
hydroperoxides can also undergo cyclization when treated with lead tetraacetate (in pentane 
or light petroleum), to give, depending on the position of the -OOH group, cyclic peroxides 
of the 1,2-dioxolane (n= 1, five-membered ring), 1,2-dioxane (n = 2, six-membered ring) and 
1,2-dioxepane type (n = 3, seven-membered ring). 481 The yields of the cyclic products 
obtained are in general modest (10-27%) when R' = H or methyl, but increase considerably 
(amounting to 45-76%) when R' = phenyl. 


R' R 2 

R 1 (CH 2 )„ 

1 i 


C 6 H 5 -CH-(CH 2 )„-C-OOH- 

1 

Pb(OAc>< 

/ \ 

R 3 

C 6 H 5 0 — 0 

r' = h,ch„c 6 h 5 

n= 1, 15-76% 

r 2 = ch 3 ,c 6 h 5 

n = 2, 15-45% 

R 3 = CH„ alkyl, C 6 H 5 

n = 3, 10-14% 


C 


R 2 

R 3 


10.2. Olefmic Dicarboxylic Acids 

When y- or <5-unsaturated dicarboxylic acids (with suitable steric relationship between the 
carboxyl groups and the olefmic bond) are treated with LTA, they are not decarboxylated 
but undergo intramolecular (usually cis ) addition of the two carboxylic oxygens to the 
double bond, with formation of the corresponding bis- lactones. 482- ^ 85 The yields obtained in 
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this valuable synthetic method are particularly good (up to 99%) when the reactions are 
performed in chloroform (with the free acid) or in acetonitrile (with the free diacid or, better, 
with the corresponding tetra-n-butylammonium salt). 484 ' 485 
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Bismuth-Salt Oxidations 


Jonathan Peter Kitchin 


1. INTRODUCTION 

Compounds of bismuth were first proposed as useful oxidants for organic synthesis by 
Rigby 1 1 in 1949. Both the pentavalent and the trivalent states of bismuth were found to dis¬ 
play oxidizing power. Bismuth! V) in the form of sodium bismuthate is an oxidant analogous 
to lead tetraacetate, being fairly specific for the fission of 1,2-diois. During the study of 
sodium bismuthate it was discovered that bismuth(III) salts can oxidize a-hydroxyketones to 
the corresponding diketone. 3 Following the discovery, bismuth trioxide was developed as a 
highly specific reagent for this purpose. The reduction of bismuth trioxide in this reaction 
leads to the formation of metallic bismuth. Neither sodium bismuthate nor bismuth trioxide 
has been used extensively in the years that followed their introduction. Both the reagents are 
heterogeneous oxidants and are normally employed in a medium of acetic acid. The rather 
harsh reaction conditions and uncertainty about the composition of commercial sodium 
bismuthate are probable reasons for the relative neglect of the reagents. The yields are 
generally good and separation of the products from the used reagent is easy in most cases. 
Sodium bismuthate was adopted for the direct oxidation and analysis of corticosteroids 
present in urine, tolerance of the reagent to water being essential in this application (in con¬ 
trast to lead tetraacetate). 4 

A new class of bismuth oxidant was described by Barton in 1978, based on 
organobismuth(V). 5-6 These reagents are derivatives of triphenylbismuth dichloride. Unlike 
the earlier bismuth reagents, the organobismuth materials are used under very mild con¬ 
ditions of temperature and pH. These oxidants are useful for the conversion of alcohols, 
including allylic alcohols, to the corresponding carbonyl compound. Oxidation of the 
hydroxyl group takes place selectively in the presence of a variety of other functional groups, 
suggesting that these reagents will be of value in organic synthesis. 
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2. SODIUM BISMUTHATE OXIDATIONS 


2.1. Mechanism and Scope 

Sodium bismuthate was investigated by Rigby 1 ' 7 as an alternative to periodate and lead 
tetraacetate for 1.2-diol oxidative cleavage reactions. The reagent, an insoluble powder, is 
used as a suspension in aqueous or organic solvents, normally acidified with acetic or 
phosphoric acid. Sodium bismuthate (NaBiO,) is reduced to a trivalent bismuth salt. 
Sodium bismuthate itself is a material of rather ill-defined composition. One analysis suggests 
that the commercial product is in fact a mixture of bismuth pentoxide, sodium carbonate, 
and sodium peroxide. 7 The color and reactivity of commercial samples are somewhat 
variable. 8 1,2-diols are rapidly cleaved to the corresponding carbonyl compounds by sodium 
bismuthate at moderate temperatures. Like lead tetraacetate but unlike periodate, sodium 
bismuthate also cleaves a-hydroxycarboxylic acids and some a-hydroxyketones. The cleavage 
reactions of sodium bismuthate are shown, in general form, by Equations (1)—(3). 


R,RX(OH)-C(OH)R 3 R 4 — 

- R,R : CO + R 3 R 4 CO 

U) 

R,R,C(OH) CO-H NaB '°’ 

* R,R 2 CO + CO ; 

(2) 

R, CO CH(OH)R, NaB '°' 

- R,CO ; H + R : CHO 

(3) 

(R = H or alkyl) 




The specificity of sodium bismuthate for 1,2-diol and related cleavage reactions is com¬ 
parable to that of periodate and lead tetraacetate. Aldehydic products of bismuthate cleavage 
reactions are not oxidized further. Methanol and ethanol are oxidized only very slowly and 
may be used as solvents for the reaction. Sodium bismuthate is sometimes preferred to lead 
tetraacetate since anhydrous conditions are not required for its use. The diol fission reactions 
of sodium bismuthate are carried out with an excess of acetic or phosphoric acid. When 
acetic acid is used, a reddish brown suspension, assumed to be bismuth pentoxide, 7 is formed 
initially and gradually disappears as the oxidation proceeds, leaving a solution of bismuth 
triacetate. When the reagent is used in combination with phosphoric acid an orange-yellow 
suspension of unknown composition forms initially. As the oxidation takes place, this gives 
way to a white precipitate of bismuth triphosphate. It has been proposed that the mechanism 
of 1,2-diol fission by sodium bismuthate involves an intermediate bismuthate di-ester. 7 
although no difference was observed between the rates of reaction of as and trans 
cyclohexane-1,2-diols. 

Various other oxidation reactions of sodium bismuthate have been studied in addition 
to 1.2-diol and related fissions. The reagent has been investigated, although not used widely, 
for the oxidation of phenols. These reactions are interesting since the nature of the products 
is dependent upon the solvent used and particularly on the presence or absence of 
acid. When sodium bismuthate is employed as a suspension in a nonpolar solvent, radical 
coupling products, typical of one-electron oxidation, predominate. 9 However, sodium 
bismuthate oxidation of phenols carried out in a medium containing acetic acid normally 
yields two-electron oxidation products. The action of sodium bismuthate in acetic acid 
towards phenols resembles that of lead tetraacetate. 

The reaction in acetic acid is a two-stage process whereby the initially formed radicals 
are further oxidized to the carbontum ion before extensive coupling can occur. 10 Thus the 
products of phenolic oxidation by sodium bismuthate in acetic acid are typically of 
quinonoid or cyclohexadienone structure. Oxidative dealkylation of ortho and para 
alkoxyphenols by sodium bismuthate may occur in acetic acid." 17 Similarly sodium 
bismuthate oxidation may result in the debromination of bromophenols. 17 Products of this 
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nature from the oxidation of substituted phenols are typical of the action of strong oxidants. 
The mechanism involves nucleophilic attack by acetate ion on the carbonium ion 
intermediate." 

One further class of reactions performed by sodium bismuthate is the oxidation of 
olefins. 1,14 Olefin oxidation by bismuthate is slow compared with the rate of diol cleavage. 
The products of olefin oxidation are the corresponding diacetoxy derivatives. 13 The products 
of this reaction have also been isolated in partially hydrolyzed form as the hydroxy 
acetates. 14 The reaction with olefins proceeds via the formation of a bismuth-carbon bond. 
Heterolysis of this bond, in the sense of carbonium ion formation, results in the observed 
products. 14 Although the yields generally obtained are low to moderate, the mild reaction 
conditions and the heterolysis of the organometallic bond may offer some advantage over the 
more traditional oxymetallation reagents, lead tetraacetate and thallium triacetate. 14 


2.2. Experimental Considerations and Procedures 

2.2.1. Availability of the Reagent 

Sodium bismuthate is available in technical, reagent, and analytical grades. The 
analytical grade has been found to offer definite practical advantages owing to its finely pow¬ 
dered physical state. 2 Even analytical grade samples of sodium bismuthate have an oxidizing 
capacity which normally is only equivalent to about 85% of pure NaBiO,. The oxidizing 
power of a particular sample may be determined using the following procedure." A sample of 
the reagent (0.45 g) is stirred with ferrous sulfate solution (25 ml, 0.125 A in 4 A sulfuric 
acid) until it is dissolved. Phosphoric acid (5-10 ml, 85%) is added and the solution is back- 
titrated with potassium dichromate (0.1 A) using a diphenylamine indicator. 

2.2.2. 1.2-Diol and Related Oxidations 

Two general procedures have been developed for the cleavage of 1,2-diols and related 
oxidations by sodium bismuthate. The reaction may be carried out in aqueous or 100% 
acetic acid at or slightly above room temperature. In this case a clear, colorless solution 
remains when reaction is complete. Bismuth may conveniently be removed from the solution 
by precipitation as the phosphate. Alternatively the diol, dissolved in water or aqueous 
dioxan, is stirred with sodium bismuthate and a slight molar excess of phosphoric acid is 
slowly added. When this procedure is followed a bright yellow suspension, formed at first, is 
finally replaced by a white precipitate of bismuth triphosphate which may be removed by 
filtration. In either case, one equivalent or slightly more of bismuth reagent (based on deter¬ 
mination of the sample) may be used. Complete reaction may take from a few minutes to 
several hours. The phosphoric acid procedure is preferable for the cleavage of a- 
hydroxyketones since this prevents a competing oxidation by trivalent bismuth at elevated 
temperatures, which leads to formation of the diketone. Some heat may be generated during 
the more rapid oxidations of sodium bismuthate and cooling may be necessary. The follow¬ 
ing example represents a typical oxidation procedure using sodium bismuthate and 
phosphoric acid. 2 Ethyl tartrate (51.5 g, 0.25 mole) was stirred with water (120ml) and 
sodium bismuthate (0.25 mole). Phosphoric acid (100 ml of 68%) was added over a period 
of 30 min while the temperature was maintained at 35-40°C. The reaction mixture was main¬ 
tained at this temperature for a further 30 min. The precipitate of bismuth phosphate was 
filtered off. The filtrate was shaken with calcium carbonate (30 g) and refiltered. Ethyl 
glyoxylate was separated from the aqueous solution as an azeotropic mixture with ethanol in 
51% yield by reduced pressure distillation after the addition of benzene and ethanol. The 
yield in this preparative scale example is relatively low. Somewhat higher yields were repor¬ 
ted from a series of smaller-scale reactions (0.01 moles) in which the aldehydic product was 
isolated from the reaction mixture as a crystalline derivative. Examples of these reactions are 
listed in Table I. 
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TABLE I. 1.2-Diol Cleavage and Related Reactions of Sodium Bismuthate 1 ' 



Time 

Temperature 


Yield 

Substrate 

(min) 

rc) 

Product 

(%) 

Diols 





Ethane-1.2-diol 

45 

20 

Formaldehyde 

90* 

cis- or rrans-Cyclo- 

150 

30-40 

Hexane-1.6-dial 

70* 

hexane-1.2-diol 





irans- 1.2-Dihydroxy- 

360 

40 

o-(2-Formyiethyl)- 

n d 

1,2.3,4-tetrahydro- 

naphthalene 



benzaldehyde 


2,3-Dimethylbutane- 

180 

3040 

Acetone 

99 d 

2,3-dio! 

Hydrobenzom 

330 

40-50 

Benzaldehyde 

75* 

x-Hvdroxy acids 





Mandelic acid 

210 

20 

Benzaldehyde 

64* 

2-Methyl-2-hydroxy- 

30 

20 

Acetone 

82“' 

propionic acid 
Diphenylglvcolic acid 

90 

50-60 

Benzophenone 

99 

Lactic acid 

— 

— 

Acetaldehyde 

12 d 

Hydroxy keione 





Benzoin 

120 

40-50 

Benzaldehyde 

79* 


“ Reference 2. 

* Isolaled as the 4-nitrophenylhydrazone. 

‘ Isolated as the oxime. 
d Isolated as the 2.4-dimtrophenylhydrazone. 
■' Isolated as the phenylhydrazone. 


One application of the sodium bismuthate cleavage reactions which received con¬ 
siderable attention was the analytical determination of urinary corticosteroids. 415 18 The 
technique relied on the selective oxidative fission of the corticosteroid side chain. Analysis of 
the reaction products for 17-ketosteroids and formaldehyde was used to identify the cor¬ 
ticosteroids originally present. A large excess of the reagent was used in these experiments. 
Sodium bismuthate was chosen for this purpose since, unlike periodate, it cleaves a- 
hvdroxyacids and unlike lead tetraacetate it can be applied directly to urine samples. The 
types of steroid side chain which are susceptible to cleavage by sodium bismuthate are shown 
in Table II. 

2.2.3. Oxidation of Phenols 

Sodium bismuthate behaves as a heterogeneous one-electron oxidant for phenols when a 
nonpolar solvent such as benzene or cyclohexane is used. Either reflux or ambient tem¬ 
perature conditions may be employed. Several hours to one or two days may be required for 
completion of the reaction. Typical of this procedure is the oxidative polymerization of 2,6- 
xylenol 9 to the corresponding polyphenylene oxide (1). Sodium bismuthate (33.0 g. 
0.118 mole) was added to a solution of 2,6-xylenol (4.1 g, 0.033 mole) in benzene (100 ml). 
The mixture was stirred for 2 h while boiling under reflux. After cooling, the residual sodium 
bismuthate was removed by filtration and washed with benzene. The combined benzene 
solutions were washed with dilute aqueous sodium hydroxide, dried, and evaporated to yield 
crude polymer. This material was purified by dissolving in chloroform (25 ml) and 
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coagulating by pouring into methanol (200 ml). The coagulate was filtered off and dried to 
yield the polyphenylene oxide (I) (3.05 g, 74%). The “tail to tail" coupled product, 3,3',5,5'- 
tetramethyldiphenoquinone (2) (0.047 g, 12%) was isolated from the supernatant liquor. 



Polyphenylene oxides of molecular weights in the region of 20,000 were obtained using 
sodium bismuthate. This compares well with other heterogeneous oxidants such as activated 
manganese dioxide, although higher molecular weight polymers may be obtained using the 
homogeneous system, cuprous halide-pyridine-oxygen. 19 Sodium bismuthate has also been 
used for the oxidative depolymerization of a polyphenylene oxide oligomer (1) with 2.4,6- 
trimethvlaniline. 20 resulting in the formation of the anil (3) in 87% yield. 




TABLE II. Fission of Corticosteroid Side Chains by Sodium Bismuthate 


CH.OH 

CHOH 

ri> H 


CHO 

ry 


HCHO 


CH.OH 
l ' 

CO 




+ HCHO 


CH.OH 

CHOH 

^° h 

CH.OH 

l ' 

CO 

ri> OH 


£ 


HCHO 




HCHO + CO, 


CH, 

CHOH 


O 
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TABLE IV. Oxidation of Olefins by Sodium Bismuthate" 


Olefin 

Time 

(days) 

Product 

Yield (%) 

2-Phenylpropene 

3 

1 -acetoxy-2-phenylpropan-2-ol 
and acetophenone 
and a-acetoxyacetophenone 

39 (62)' 

9 

1 

1-Phenylcyclohexene 

3 

cis- 2-acetoxy-1 -phenyicyciohexanol 

37 

2,6-Dimethyloct-2-ene 

7 

2,6-dimethyl-3-acetoxyoctan-2-ol 

21 (42)' 


“ Reference 14. 

* All reactions were carried out in acetic acid at room temperature. 

' The yield in parentheses is corrected for recovered starting material. 


Oxidation of phenols by sodium bismuthate in the presence of acetic acid leads to 
products which are typical of two-electron oxidation. The change in the reactivity of the 
oxidant is illustrated by the following example, in which 2,6-xylenol is oxidized in acetic acid 
as solvent. 10 Sodium bismuthate (33 g, 0.118 mole) was added to a solution of 2.6-xylenol 
(4.1 g, 0.033 mole) in acetic acid (100 ml) and stirred at room temperature for three days. 
The residual solid was filtered off and washed with a small amount of acetic acid. The com¬ 
bined acetic acid solutions were diluted to 500 ml with water and extracted with ether. The 
extract was neutralized by washing with dilute sodium bicarbonate solution, dried, and 
evaporated. The residue was purified by chromatography (silica gel-chloroform) to yield 2- 
acetoxy-2,6-dimethylcyclohexa-3,5-dienone (4) (1.7 g, 38%). The residual solid from the 
reaction was washed with ether and treated with concentrated hydrochloric acid. A red solid 
remained, which was identified as 2 (0.63 g. 15%). Further examples of one- and two-elec¬ 
tron oxidation of phenols are listed in Table III. 

2.2.4. Oxidation of Olefins 

Oxidation of olefins to the corresponding l-hydroxy-2-acetoxy compounds using 
sodium bismuthate has been carried out at room temperature in acetic acid. 14 Thus, a- 
methylstyrene (5.92 g, 0.05 mole), acetic acid (100ml), and sodium bismuthate (16.62 g, 
0.05 mole) were stirred at room temperature for three days. The mixture was poured into 
ether and washed first with water and then with sodium bicarbonate solution. The ether 
solution was dried and evaporated. The crude product was purified by chromatography on 
silica gel to yield l-acetoxy-2-phenvl-2-propanol (39%). The yield is not improved by the use 
of excess reagent. It is probable that the hydroxy acetate isolated is formed by hydrolysis 
during work-up of an initially formed diacetoxy compound. 

The observation of diacetoxy derivatives as the products of olefin oxidation by sodium 
bismuthate appears in an earlier report. 11 It is also suggested that competing reactions 
leading to carbonyl compounds may be minimized by using chloroacetic acid as solvent 
instead of acetic acid. 13 The products and yield of sodium bismuthate oxidation of various 
olefins are listed in Table IV. 


3. BISMUTH TRIOXIDE OXIDATIONS 
3.1. Mechanism and Scope 


Trivalent bismuth in the form of bismuth trioxide is a reagent specific for the oxidation 
of x-hydroxyketones to the corresponding diketone. 3:4 ~ 2 “ The oxidation is performed in 
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acetic acid at about 100’C and the reagent is reduced to metallic bismuth. Bismuth trioxide 
is soluble in acetic acid under these conditions, forming bismuth triacetate, which appears to 
be the active oxidizing agent. Bismuth triacetate may be used directly but offers no particular 
advantage. Oxidation of simple a-hydroxyketones is rapid, but more highly substituted com¬ 
pounds may require several days for complete reaction. Reaction of bismuth trioxide with a- 
hydroxy ketones is confined to examples possessing an x-hydrogen atom. It has been 
suggested that reaction occurs via formation of an enediol. An intermediate species 
possessing C-O-Bi linkages has been proposed. 3 The observation that bismuth trioxide 
oxidations are retarded when carried out under nitrogen remains unexplained. 24 Bismuth 
triacetate may act as an acetylating agent towards alcohols and amines [Eq. (4)]. 29 This 
reaction occurs only at high temperature, however, (about 200°C—no solvent) and would 
not normally interfere with the oxidation of a-hydroxyketones. 

Bi(0 2 CCH,) 3 + ROH-- CH 3 C0 2 R + Bi0(0 2 CCH 3 ) 3 + CH 3 C0 2 H (4) 


3.2. Experimental Considerations and Procedures 

Reagent grade bismuth trioxide, an amorphous yellow powder, is suitable for the 
oxidation of a-hydroxyketones. In a typical procedure the a-hydroxyketone, dissolved in 
acetic acid, is heated on a steam bath with 1.2 equivalents of bismuth trioxide. During the 
course of the reaction, black metallic bismuth is deposited. Unhindered substrates are nor¬ 
mally oxidized in less than an hour under these conditions. The reaction mixture is filtered to 
remove metallic bismuth and excess reagent. Water is added to the reaction mixture and the 
product is extracted into ether. Yields of greater than 90% may be obtained. The use of a 
mixture of acetic acid and 2-ethoxyethanol (1:3) as solvent instead of pure acetic acid is 
reported 3 to give slightly higher yields and purer products, although the reaction takes 
longer in the mixed solvent. Examples of a-hydroxyketone oxidations by bismuth trioxide are 
given in Table V. Sugars are not oxidized by the reagent, and neither is ascorbic acid. 3 The 
presence in the reaction mixture of certain polyhydroxy compounds such as glucose and 
catechol inhibits the oxidation of a-hydroxyketones owing to the formation of bismuth con¬ 
taining compounds with these materials. 3 


4. ORGANOBISMUTH REAGENTS 


4.1. Mechanism and Scope 

A new class of bismuth oxidants has recently been developed, based on triphenyl 
derivatives of pentavalent bismuth. 5 6,30 The reagent /r-oxo-bis(chlorotriphenylbismuth) (17) 
is a stable white solid, soluble in organic solvents. This oxidant converts alcohols to the 
corresponding carbonyl compound in high yield. In contrast to the earlier bismuth reagents, 
this reaction proceeds under very mild conditions of temperature and pH. The alcohol to be 
oxidized is added to a solution of the reagent 17 in dichloromethane and stirred with solid 
potassium carbonate or bicarbonate at or slightly above room temperature. The presence of 
carbonate in the reaction mixture is essential for rapid and complete oxidation. The function 
of the carbonate is more complicated than simply neutralizing acid formed in the reaction 
since soluble organic bases do not have the same effect. ^-Oxo-bis(chlorotriphenylbismuth) 
and carbonate is suitable for the oxidation of saturated primary and secondary alcohols as 
well as allylic and benzylic alcohols. 1.2-diols are smoothly cleaved by the reagent to give the 
two carbonyl fragments. Aldehydes formed by oxidations with the reagent 17 undergo no 
further reaction. 



TABLE V. Oxidation of a-Hydroxyketones to Diketones by Bismuth Trioxide 
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Ph 

\ 

a" 


Ph 

/ 

Bi-0 

\ 

Ph 


Ph 

\ 

-Bi 

/ 

Ph 


Ph 

''Cl 


17 


In the absence of any oxidizable substrate either triphenyibismuth dichloride or the 
reagent 17 when stirred with potassium carbonate in dichloromethane forms an insoluble 
white compound, triphenyibismuth carbonate. Triphenyibismuth carbonate is itself useful as 
a heterogeneous oxidant for the oxidation of allylic and benzylic alcohols and for the 
oxidative fission of 1,2-diols. 6 ' 30 Saturated alcohols are slowly oxidized by triphenyibismuth 
carbonate, although the reagent is less active in this respect than the mixture of reagent 17 
and solid potassium carbonate. The selectivity of triphenyi bismuth carbonate is such that on 
treatment of an equimolar mixture of cholestan-3/?-ol and cholest-4-en-3/f-ol with the reagent 
only the allylic alcohol was oxidized and the saturated alcohol was recovered. 6 30 Similarly 
only cholest-4-en-3/f-ol was oxidized, despite the presence of an equimolar quantity of 
thiophenol. In the absence of any competing alcohol, thiols are oxidized by triphenyibismuth 
carbonate to the corresponding disulfide. 6 ' 30 The thiocarbonyl group in xanthates. 
dialkylamino thionocarbamates. and di-r-butyl thioketone is unaffected by the reagent. 
Aniline, dimethylaniline, pyrollidine, indole, and 3-pyroilidino-cholesta-3,5-diene are likewise 
inert under the standard reaction conditions. 

The mechanism of oxidation by reagent 17 and triphenyibismuth carbonate is believed 
to involve the formation of an intermediate of structure 18 (Fig. 1). The preferential 
oxidation of the more hindered 6/?-hydroxyl group of cholestan-3/I-6/?-diol suggests that it is 
the breakdown rather than the formation of this intermediate which is the rate-determining 
step. 5 ' 30 Studies with deuterium-labeled substrates have shown that two competing pathways, 
shown in Fig. 1, exist for the breakdown of intermediate 18. The cleavage of a phenyl to 
bismuth bond (Fig. 1, pathway B) is of significance since it can lead to a competing side 
reaction in the oxidation of certain alcohols. For example, during the oxidation of quinine 
(19) (Fig. 2) by triphenyibismuth carbonate the expected product, quininone 20, reacts 
further with the bismuth reagent to form a derivative 22 which has been arylated in the 
position i to the carbonyl group. 30 ' 31 It has been proposed that the arylation reaction occurs 
via the formation of a bismuth enolate (Fig. 2, structure 21) intermediate. This side reaction 
might therefore be expected to occur during the oxidation of any alcohol, the expected 


}<2 H 


r j 


| Ph 3 BiX 2 


18 


Ri 



0-BiPh 3 

H 1 
H X 



RiR 2 C0 ♦ 8iPh 3 RiR 2 C0 ♦ Bi Ph 2 X 


♦ HX 


* PhH 


FIGURE 1. Mechanism of oxidation of alcohol by organobismuth reagent. 
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FIGURE 2. Oxidation and phenylation of quinine by organobismuth reagent. 


product of which is a readily enolizable ketone. This competing arylation reaction, which is 
an inconvenience during the oxidation of alcohols has led to the development of 
triphenylbismuth carbonate as a reagent for the phenylation of ketones. 31 ' 32 For example, the 
reaction of ethyl acetoacetate with triphenylbismuth carbonate gives ethyl ot- 
phenylacetoacetate in 59% yield. 31 Ketones in the form of the corresponding potassium 
enolate are likewise phenylated by triphenylbismuth carbonate. Thus, the sequential treat¬ 
ment of choiestan-3-one with potassium hydride and the reagent gave 2,2-diphenylcholestan- 
3-one in 64% yield. 31 Phenols are also phenylated in the 2 position using triphenylbismuth 
carbonate. 31 

In their use as oxidants for alcohols, the organobismuth reagents do not generally suffer 
from the problems due to electrophilicity and one-electron transfer which are sometimes 
associated with chromium-based reagents. For instance, the oxidation of /- 
butylphenylmethanol by chromium trioxide gives rise to an intermediate chromate ester 
which undergoes electron transfer, elimination of the /-butyl radical, and formation of 
benzaldehyde. 33 In contrast, the oxidation with triphenylbismuth carbonate proceeds cleanly 
to give the corresponding ketone. 30 


4.2. Experimental Considerations and Procedures 
4.2.1. Preparation of the Reagents 

Both p-oxo-bis(chlorotriphenylbismuth) (17) and triphenylbismuth carbonate are 
prepared from triphenylbismuth dichloride. Triphenylbismuth dichloride, in turn, is prepared 
by the action of chlorine on triphenylbismuth. Triphenylbismuth is prepared by the action of 
phenylmagnesium bromide on commercially available bismuth trichloride. 

A convenient preparation of triphenylbismuth is as follows (adapted from the 
preparation of triphenylantimony 34 ). A suspension of bismuth trichloride (20 g, 0.063 mole) 
in dry ether (40 ml) is added dropwise to a stirred solution of phenyl magnesium bromide, 
prepared from magnesium (5.25 g, 0.216 mole) and bromobenzene (34 g, 0.216 mole) in dry 
ether (110 ml) using the usual Grignard reaction procedure. After complete addition the 
mixture is heated on a steam bath for 1 h. The resulting suspension is poured into ice water 
(200 ml) and filtered. The ether layer is separated, the aqueous layer is extracted with ether 
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(2 x 30 ml), and the ether solutions are combined. The combined ether solutions are washed 
with saturated brine (2x60 ml) and evaporated to dryness. The oily residue is crystallized 
from hexane to yield triphenylbismuth (20.5 g, 74%. melting point 77°C). 

Triphenylbismuth dichloride is prepared according to the following procedure from 
triphenylbismuth. 35 Chlorine gas is bubbled into a solution of triphenylbismuth (15 g, 
0.034 mole) in chloroform (90 ml) maintained at 0°C. When an excess of chlorine is apparent 
(solution turns slightly yellow) the solution is diluted with methanol (50 ml) and evaporated 
down to about 40 ml. The white crystals which separate are filtered off and dried in vacuo to 
yield triphenylbismuth dichloride (14.5 g, 83%. melting point 140-150°C). 

/t-Oxo-bis(chlorotriphenylbismuth) is prepared as follows, from triphenylbismuth 
dichloride. 36 Triphenylbismuth dichloride (14.3 g, 0.028 mole) is dissolved in acetone (50 ml) 
and treated with a solution of sodium hydroxide (1.12 g, 0.028 mole) in methanol (50 ml). 
The mixture is stirred for 2 h and then filtered. The filtrate is evaporated to one third of its 
former volume and diluted with water (50 ml). The resulting suspension is allowed to stand 
at 4°C for 30 min and then filtered: the white powder, thus obtained, is dried in vacuo to 
yield /i-oxo-bis(chlorotriphenylbismuth) (12.5 g, 92%. melting point 148-154°C, with 
decomposition). 

Triphenylbismuth carbonate is prepared by the action of potassium carbonate on 
triphenylbismuth dichloride using the following procedure. 30 Potassium carbonate (3.6 g) in 
water (20 ml) is added to a well-stirred solution of triphenylbismuth dichloride (13.0 g, 
0.025 mole) in acetone (100 ml). After five minutes, the precipitated triphenylbismuth car¬ 
bonate is filtered, washed with acetone, and dried (yield 12.7 g, 100%, decomposes 155°C) 


4.2.2. Oxidation with Organobismuth Reagents 

Both ji-oxo-bis(chlorotnphenylbismuth) (17) and triphenylbismuth carbonate suffer, as 
practical oxidants for preparative scale work, from the disadvantage that the principal by¬ 
product. triphenyl bismuth, is very soluble in organic solvents. In consequence, the reaction 
products must normally be isolated by chromatography in order to separate the triphenyl 
bismuth. In practice, this separation is usually straightforward since triphenylbismuth is very 
nonpolar and runs well in advance of the desired oxidation products on silica gel or alumina 
chromatography. Alternatively the triphenylbismuth by-product may be destroyed by adding 
acetic acid to the reaction mixture and heating on a steam bath for 30 min. The reaction 
mixture is then diluted with water, filtered, and extracted with ether. The ether layer is then 
washed with sodium bicarbonate solution, dried, and evaporated to yield crude product, 
largely free from bismuth compounds. Clearly this method of work-up negates the mild con¬ 
ditions of the oxidation reaction itself and would not normally be used. 

/i-Oxo-bis(chlorophenylbismuth) is soluble in dichloromethane. chloroform, 
tetrahydrofuran. and hot benzene. In a typical procedure the reagent 17 (0.2 mole) in 
chloroform or dichloromethane and the alcohol (0.25 mole) to be oxidized are stirred 
together with an excess of potassium carbonate or sodium bicarbonate (200 mg) until the 
reaction is complete by aliquot monitoring. It is preferable to use reflux temperatures for the 
oxidation of saturated alcohols as the reaction may otherwise be inconveniently slow. In 
exceptional cases of very slow oxidation it may be necessary to add a greater excess of the 
reagent to allow for the slow decomposition of the reagent which occurs under the reaction 
conditions. When the reaction is complete, the reaction mixture is filtered and evaporated to 
dryness. The residual solid material is chromatographed on a silica gel column and eluted 
with 20% ether in hexane until the eluent is free from triphenylbismuth. The percentage of 
ether in the eluting solvent is increased, if necessary, to collect the product. Reaction con¬ 
ditions and yields for the oxidation of a variety of alcohols with ft- oxo- 
bis(chlorotriphenylbismuth) are given in Table VI. 

A similar general procedure is used for oxidations with triphenylbismuth carbonate. The 
reagent (1.1-2 equivalents) is stirred with a solution of the substrate (1 equivalent) in 
dichloromethane. As the reaction proceeds the solution becomes homogeneous. When all 
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Testosterone (24) JT/ ^ a Androst-4-cnc-3,I7*dione 88 5,30 



a-Amyrin(25) h 3 c f^CH ^ c a-Amyrone 86 5,30 




TABLE VI. Continued 
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mwo-Hydrobenzoin 3 r Benzaldehyde 80'’ 5,30 

1,2,5,6-Di-O-isopropylidcne- 0.25 a 2,3-Isopropylidene- 76 5 ,30 

D-manimol n-glyceraldehyde 



TABLE VII. Oxidation of Hydroxyl and Other Functional Groups by Triphenylbismuth Carbonate 
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Isolated as the 2,4*dinitrophenylhydrazone derivative. 

Not isolated but reduced immediately to the corresponding diol with sodium borohydride (25% yield). 
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‘ The reaction was carried out in the presence of letramethylguanidine. 
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TABLE VIII. Compounds Not Oxidized by Triphenylbismuth Carbonate" 


Compound 

Time (h) 

Temperature ( J C) 

Benzophenone phenylhydrazone 

24 

40 

Benzophenone 2.4-dinitrophenylhydrazone 

24 

40 

Benzophenone semicarbazone 

72 

20 

5z-Cholestan-3-one tosylhydrazone 

24 

20 

Tri-O-acetal glucal 

24 

20 

Aniline 

18 

20 

.V.A'-Dimethylaniline 

24 

20 

3-Pyrollidino-choiesta-3,5-diene 

24 

20 

Di-r-butylthionoketone 

16 

40 

3/!-Cholestanyi-5'-methyi xanthate 

24 

40 

3/J-Cholestanyl-A/,iV-diethyl thionocarbamate 

24 

40 


" References 6. 30. 


Summary of the Reactivity of Bismuth Oxidants 


Reagent 

Substrate 

Product 

Sodium bismuthate 

1.2-Dio! 

Fission to carbonyl 
compounds 

Sodium bismuthate 

z-Hydroxycarboxyiic 

acid 

Fission to CO, and 
carbonyl compound 

Sodium bismuthate 

z-Hydroxyketone 

Fission to carbonyl 
compound and carboxylic 
acid 

Sodium bismuthate 

Phenol 

Radical coupling product 
or quinonoid derivative 

Sodium bismuthate 

Olefin 

Di-acetoxy derivative 

Bismuth trioxide 

z-Hydroxyketone 

Diketone 

/r-Oxo-bis(chloro- 

triphenylbismuth) 

Alcohol (saturated, allylic 
or benzyl) 

Carbonyl compound 

/(-Oxo-bislchloro- 

triphenyibismuth) 

1.2-Diol 

Fission to carbonyl 
compounds 

Triphenylbismuth carbonate 

Allylic alcohol 

Carbonyl compound 

Triphenylbismuth carbonate 

Thiol 

Disulfide 

Triphenylbismuth carbonate 

1.2-Diol 

Fission to carbonyl 
compounds 

Triphenylbismuth carbonate 

Hydrazo compound 

Azo compound 


starting material has been consumed, the reaction mixture is filtered. Isolation of the product 
requires the same procedure as that described above for /i-oxo-bis(chlorotriphenyl bismuth) 
oxidations. The yields and reaction conditions for the oxidation of a variety of functional 
groups with triphenylbismuth carbonate are listed in Table VII. 

In contrast to activated manganese dioxide oxidations, reaction of alcohols with the 
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organobismuth reagents does not require rigorously anhydrous conditions. The selectivity of 
triphenyi bismuth carbonate is illustrated by the list of functional groups (Table VIII) which 
are unaffected by the reagent. 


5. THE TOXICITY OF BISMUTH 

The relatively low toxicity of certain inorganic bismuth compounds such as the subcar¬ 
bonate, taken in the past for stomach ailments, appears to be associated with the low 
solubility of bismuth in this form. Other compounds such as the subnitrate and the sub- 
gallate are quite harmful. A great many organobismuth compounds were investigated as 
therapeutic agents prior to the introduction of antibiotics. A disadvantage of “bismuth 
therapy” was the toxicity of the agents concerned. In view of the known toxicity of some 
bismuth compounds it is advisable to treat all bismuth reagents with due care, consistent 
with good laboratory practice. 
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Oxidations with Metal Compounds 
and Peroxides 

Yoshiro Ogata and Yasuhiko Sawaki 


1. INTRODUCTION 

The origin of oxidations with peroxides induced by metal compounds can be traced back to 
1894, when H. J. H. Fenton reported the oxidation of tartaric acid with hydrogen peroxide 
catalyzed by ferrous salt. 1 Thence a mixture of H 2 0 2 -Fe 2 + has been called the Fenton 
reagent. Afterwards. Morrell and Crafts 2 studied the oxidation of a series of hydroxyl com¬ 
pounds including sugars, but the complexity of oxidation products limited the general use of 
this reagent. 

Meanwhile, the easy generation of free radicals by Fenton reagent extended its use as a 
polymerization initiator, 4 i.e., the well-known redox polymerization (e.g., of acrylonitrile). 

Since 1934 some other metal compounds, which act via quite different schemes, were 
found to be effective in the H 2 0 2 oxidation of organic substrates. Ghosh and Kar 5 used 
molybdate for the oxidation of cystine to cysteic acid. Milas 6 and Criegee 7 used 0s0 4 for the 
m-dihydroxylation of olefins; Treibs 8 used vanadium pentoxide or vanadate with H,0 2 for 
//ww-dihydroxylation of olefins; but Mugdan and Young 9 found that tungstic acid was much 
more effective for rrans-dihydroxylation of olefins. Similarly, selenium dioxide can give 
glycols from olefins, but it was less effective than 0s0 4 or H 2 W0 4 9 ' 10 until the recent report 
using Se0 2 with r-BuOOH in nonhydroxylic solvents. (See Section 3.2.2.) 

Peroxydisulfuric acid was prepared early in 1891 and has been called Marshall acid. 11 
Soon the catalytic effect of silver salts on the oxidation by Marshall’s salt (S 2 0 8 2 ~) was 
observed in the oxidation of oxalic acid 12 ; for example, p-benzoquinone 12 and thymol gave 
dithymol. 13 Since peroxydisulfate salt is soluble and stable in water it is widely used as a 
redox vinyl polymerization catalyst in the presence of Cu + or Fe 2+ ions, which act as an 
electron donor to produce S0 4 ~ from S 2 0 8 2- . 


Yoshiro Ogata • Emeritus Professor of Applied Chemistry, Nagoya University, Chikusa. Nagoya, 
Japan. Yasuhiko Sawaki • Department of Applied Chemistry, Faculty of Engineering, Nagoya 
University, Chikusa. Nagoya, Japan. 
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A typical example of a large-scale industrial application of peroxide-metal oxidation is 
the Halcon process, i.e.. the molybdenum-catalyzed epoxidation of propylene with 
hydroperoxides derived from isobutane or ethylbenzene. 14 For example, ethylbenzene gives 
propylene oxide and styrene, both of which are industrial organic materials. 

A general treatment of the various mechanisms occurring with peroxide-metal com¬ 
pound oxidations, distinguishing between different reaction types is given in the mechanism 
section of this chapter to provide a basic insight into the reaction possibilities for synthetic 
applications. 

The peroxide-metal oxidation method is a versatile tool in synthetic organic chemistry. 
Oxidations of a wide range of substrates, alcohols, carbonyl compounds, active CH com¬ 
pounds, nitrogen and sulfur compounds and epoxidation of double bonds will be dealt with 
in the scope and limitations and experimental sections of this chapter. 


2. MECHANISM 

Various mechanisms are conceivable for peroxide-metal compound oxidations 
depending on the metal, peroxide, and substrate used. Some are still inconclusive, but 
generally, the mechanism can be classified into three main categories: 

a. A radical mechanism via a redox reaction between peroxides and metallic ions such 
as Fe 2 + , Ti 3 + . Cu + , Ag + , or Pd 2 + . The oxidation proceeds by way of H atom 
abstraction from the substrate, substitution or addition reactions, or ligand transfer 
of intermediary radicals. 

b. An ionic mechanism via formation of metallic peroxide or metal-peroxide complexes. 
Mo, W, V, Se, and Os compounds are commonly used in this category. 

c. An ionic mechanism via formation of a peroxide-Lewis acid complex which can 
generate an electrophilic oxonium ion which can be used for aromatic oxidations. 


2.1. Radical Mechanism via Redox Reactions (Category a) 

The mechanism for the generation of free radicals by Fenton’s reagent was studied by 
Haber and Weiss, 3 who postulated that the initial step is the formation of a hydroxyl radical 
generated by an electron transfer from the ferrous ion to H 2 0 2 . 

Fe 2 + + H 2 0 2 -► Fe 3+ +OH~ + HO’ (1) 

This category (a) also involves metals such as Ag + , Ti 3 + . Pd 2 \ and Cu * which are easily 
oxidized to higher valence ions by peroxides. 

Ag + -F S 2 0 8 2- -♦ Ag 2+ +S0 4 - + S0 4 2 ' (2) 

Also this category involves the oxidation of peroxides by metallic ions of higher valences; for 
example, 


ROOH+Co 3+ -> ROO +Co 2+ +H + (3) 

The Haber-Weiss mechanism [Eq. (1 )] 3 for the generation of HO’ radicals is accepted as 
the most general scheme for the initiation of Fenton and related reactions. 5 Another system 
Fe 3 + /H,0 2 can also generate radicals, but the initially formed radical H0 2 ‘ may be a chain 
inhibitor (Fe 3 + + H0 2 ' -* Fe 2+ + 0 2 + H + ), so that the concentration of HO’ is much lower 
than in the Fe 2 + /H 2 0 2 system. The effect of Cu 2+ is much smaller than Fe 3 + , but the 
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addition of Cu 2 * to the system Fe 3f /H,0 ; accelerates the Fenton oxidation reaction, which 
is ascribed to the following reasons: 

i. Rapid oxidation of HO,' radical to O, and the regeneration of Cu 2 * by oxidation of 
resulting Cu + with Fe 3+ l6 : 

HO,' + Cu 2+ -► O, + Cu + + H + (4a) 

Cu + + Fe 3 + -► Fe 2 + + Cu 2 + (4b) 

Fe 2+ + H 2 0 2 -► FeOH 2+ + HO' (4c) 

ii. The specific ability of Cu 2+ to oxidize an organic radical to a carbonium ion, which 

can easily react with nucleophiles present, as shown later. 

The main reaction types in which a radical mechanism via a redox system is involved 
are as follows: 

i. H abstraction 17 " 24 ; 

ii. Aromatic and other substitution reactions 25 " 28 ; 

iii. Addition to double and triple bonds. 17 ' 29 ' 30 


2.1.1. H Abstraction 

Alcohols react with the Fenton reagent to give carbonyl compounds via H abstraction. 
Kolthoff postulated the following mechanism for this reaction 21 24 : 

RCH 2 OH + HO'-► RCHOH + H,0 (5) 

RCHOH + Fe 3+ -► RCHOH + Fe 2 + (6) 

RCHOH-► RCH = 0 + H 3 (7) 


An analogous abstraction is observed in the attack of HO' derived from 
an oxime 30 : 


H 2 0 2 /Ti 3 + 


to 


R 


C=N—OH 


HO 
H - 


R OH 

\i 

c— 


-N® —OH 


R 


R 


R OH 

^C—-NH-0- + H* (8) 

/ 

R 

^-hydroxynitroxide 
(a stable radical) 


Peroxydisulfate oxidations are catalyzed by metallic ions such as Ag Fe 2 + , and Cu~ + 
in an analogous way, where the redox system generates sulfate radicals 31 " 32 . 

S 2 0 8 2- + Ag + -► Ag 2+ +S0 4 - + S0 4 2 --► Ag 3+ + 2S0 4 2_ (9a) 

S,0 8 2- + Fe 2+ -► Fe 3+ +S0 4 " + S0 4 2 " (9b) 


The formed species, S0 4 ", Ag 2 4 • Ag 3+ , etc. abstract an electron or a hydrogen atom 
from organic compounds or they add to unsaturated compounds as in the case of HO. 33 For 
example, toluene gives a benzyl radical PhCH,' which reacts further to form benzaidehyde 
PhCHO and benzylsulfate PhCH 2 0S0 3 H. 
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The oc-hydrogens of alcohols are abstracted by S0 4 “. The resulting radicals are 
(i) oxidized further to carbonyl compounds, (ii) dimerized to glycols, or (iii) converted to 
degradation products by cleavage at the /(-position, for example. 


S0 4 ‘ + CH ,OH- 

■pu OH i C o 

♦ ch : oh + so 4 -~ + ; 

♦ rw n±H f 1 qo : 

H 4 

+ so 4 - 

(Ref. 34a) 

( 10 ) 

M i\ 

i . /-'Ll 

♦ V, n -> kj t n t jv /4 

. ur\nu m rvu 

UU 

( 12 ) 

4. VtliUIl ' I 

co i Phf'tC'H \ _SOj 

1 v/v, iiivinvi 

PhC(CH,) ; 

OH 

(V.OOU pjj 

I 1 

4 

0 U 4 t rnn v n ^ * 

1 

OH 

_ „ c 


(Ref. 34b) 

(13) 


r 1 tIVVIl 1 T iVU 

1 

+ OH 
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Secondary and tertiary alcohols Ph(CH ; )„ C(OH)MeR give fragmentation products on 
reaction with S0 4 r , when n = 0-2 and R = H or CH,. but when n = 3 and R = CH,, the 
alcohol is relatively unreactive. 

Diacyl peroxide with NiBr : can oxidize alcohols to carboxyl compounds. The reaction, 
which is a nice method to prepare aldehydes from primary alcohols, is reported to go by way 
of benzoyl hypobromite. The aldehydes formed bv this method may be protected by NiBr 2 , 
through complex formation (see Experiment 1). 

NiBr 2 + (PhCOO) : -► PhCOOBr + (PhOO)NiBr (14a) 

RCH,OH + PhCOOBr-► RCHO + PhCOOH + HBr (14b) 


2.1.2. Aromatic and Other Substitution Reactions 

A hydroxyl radical can add to ordinary aromatic compounds, giving cyclohexadienyl 
radicals (1), which then yield phenols by oxidation with HO*, etc. Alternatively, 
cyclohexadienyl radicals may be oxidized to radical cations, which are then converted by 
Fe' + to the starting aromatic compounds or dimerize via side chain cleavage. 

«°0 h °45^ r (0" r n5) 

H H HO 

1 \ oxidant / * 

-H 

H' 

radical — dimer (16) 

un'^' *— 

"• oxidation products 

Substituted benzenes give o-, m-, and p-hydroxylation products, e.g., nitrobenzene gives 
nitrophenols in a ratio of o:m:p = 0.56:0.44:1.00, which is in accord with the Wheland 
theory." The isomer distribution depends not only on the substituent, but also on the 
oxidants (Fe 34 , Cu 24 . O-,. etc.). 25 

A catalyst consisting of Fe 3+ and an enediol (e.g., catechol) is effective in the H-,0, 
hydroxylation of aromatic compounds (benzene, nitrobenzene, and anisole). The orientation 
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is different from that resulting from the Fenton reaction and a mechanism involving an inter¬ 
mediary complex (2) was postulated 22 ' 27 : 

Y 

J0) U7) 

2 



An analogous — O —Fe —OOH-type complex was postulated for the stereospecific cis- 
hydroxylation of cyclohexanol. 28 

Dibenzoyl peroxide with Cu 2 + can generate benzoyloxy radicals, which can add to an 
aromatic ring, leading to aryl benzoates. For example, p-x ylene gives /t-xylene benzoate 
(Section 3.5.5 ). 35b 


Me 


PhCOO -t- ( ) 


Me 


Me 

PhCOO -£*- 
Me 


Me 

r-L 


PhCOO 

Me' 


^P> + « * + Cu * 


118) 


Peroxydisuifate can be used in the absence of metals for hydroxylation of phenols and 
aromatic amines (Elbs reaction), 36 but when a mixture S : 0 8 2_ /Fe 2 VCu" + is used, aromatic 
compounds are more effectively hydroxylated, where Cu 2b acts as an electron abstractor 
(oxidant) towards carbon radicals. 37 


CH 3 


+ so 4 > 


-so. 



i 

r 


CH, 


Cu ; • 
-H • 


H 


CH, 


(19a) 


OH 

21 % 


{o:m:p = 62:5:33) 


-H‘ 


CH 2 * 



CHjOH 



15% 


(19b) 


Thus the yield of phenol from benzene can be increased to 64% with Fe'VCu~ + com¬ 
pared with the yield of 26% (and biphenyl 24%) in the absence of Cu 2 + . 

Peroxydiphosphate, e.g., K 4 P 3 O s , which is prepared by the electrolytic oxidation of 
phosphate salt in the presence of F~, 38 can effect metallic ion-catalyzed oxidations similar to 
those with S,O s 2 ~. Ferrous ion can give phosphate radicals which are in equilibrium with 
the protonated species [Eq. (20b)]; hence the products depend on the acidity of the solution. 
Cupric ions accelerate the aromatic hydroxylation. Toluene is attacked mainly at the side 
chain in the absence of Cu 2+ at [H + ]=0.87 to give benzyl alcohol (14%) and bibenzyl 
(34%), while in the presence of 0.2 M Cu 2 + it gives cresols (25%) and bibenzyl (10%). The 
oxidation mechanism of toluene with P ; 0 8 4_ /Fe"' + /Cu" + may be as follows 3 : 


H,P->O s 2- + Fe 2 + 


P0 4 2 


(20a) 


—► HP0 4 - +HP0 4 2 ~ +Fe 

hpo 4 * ■ ‘ h : po 4 * 


(20b) 
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H OH 


PhCH : OH 

PhCH : CH,Ph 


Cu’’ 

-H 


CH, 


OH 


(20c) 


The cresols produced have an isomer distribution o:m:p = 66:9:25. similar to the S0 4 ' 
or HO- reactions. 39 


2.1.3. Addition to Double and Triple Bonds 

Double bonds of a,/i-unsaturated acids are readily attacked by HO- giving hydration 
products; e.g., malic acid is formed from maleic acid. 17 

HCCOOH HOCHCOOH _ HOCHCOOH (21) 

I, + HO-- 1 | 

HCCOOH HCCOOH CH,COOH 


Fumaric and acrylic acids give similar results, but crotonic acid is attacked by HO- to 
give an H atom abstracted product as well as a hydration product. 17 

Acetylene is attacked by HO- to give an enol radical, which is reduced by Fe 24 to 
acetaldehyde or oxidized by Cu 24 to glycolaldehyde. 40 


HO- + HC = CH 


HOCH=CH 



[HOCH = CH ; ]-► CH ,CHO (22a) 

[HOCH = CHOH]-* HOCHXHO 

(22b) 


2.2. Ionic Mechanism via Formation of Metallic Peroxide or 

Metal-Peroxide Complexes (Category b) 

Oxidation with ^O; and alkyl hydroperoxide is promoted by Mo. W. V, Os, Ti, Se, 
and Cr compounds, which can form metallic peroxides or metal peroxide complexes acting 
as oxygen transfer agents. Thus alkyl hydroperoxides can be used for the epoxidation of 
olefins 411 ' 41 and for the preparation of A-oxides from tertiary amines. 42 

Since iron or cobalt compounds cannot be the catalysts and the oxidation shows a 
similarity with the peracid oxidation, this type of oxidation is considered to be of an ionic 
rather than a radical nature. 

The following oxygenation reactions are observed in those oxidations where an ionic 
mechanism via formation of metallic peroxide or metal-peroxide complexes is involved: 

i. epoxidations; 

ii. oxygenation of sulfides and sulfoxides; 

iii. oxygenation of amines; 

iv. formation of glycols. 


2.2.1. Epoxidations 

The epoxidation mechanism of double bonds with /-BuOOH/Mo catalysts is illustrated 
with the case of styrenes. The substituent effect is connected with a negative Hammett value. 
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suggesting a rate-determining electrophilic attack of hydroperoxide oxygen on the double 
bond. 43 



Ar 

H 


Ar 

H 


\ 

/ 


\ 

/ 


OH C 


c 

y 

M 6 -- 

—-o + 

- 

slow 

. m--~o-----ho n ^J 



I 

r-Bu ( 



/-Bu ( 

- 


(23) 


H H 


H H 


(M is an activated metallic catalyst) 


As to the molybdenum (VI) peroxo compounds. Mimoun found out that complex 3 
epoxidizes olefins stoichiometricaily in organic solvents. 44 The coordination equilibrium of 
olefin to complex 3 is generally favored by the presence of alkyl substituents on the double 
bond carbon atoms of olefins, although a steric effect of the alkyl group is also operative to a 
certain extent. 45 An alternative complex structure has been proposed. 46 


O 

O 1 o 

\ll / 

Mo 

/ \ 

o o 

L 

3 

(L: hexamethylphosphoramide) 


When complex 3 is labeled with 18 0 uniquely at the oxo oxygen, 3 will not give a 
labeled epoxide. Further, the epoxidation with alkylhydroperoxide in heavy water ls OH : 
does not yield the labeled epoxide. 

These facts together with the exceptional high reactivity of the intermediate ally! alcohol 
compared with saturated alcohols suggest the following transition states. 4 or 5 47 for the 
epoxidation. 


O 

M :0-R 


\p 

o:, 

t** 



:o-R 


\ /J 



4 


5 


2.2.2. Oxygenation of Sulfides and Sulfoxides 

The Na, Mo0 4 -catalyzed H 2 0 2 oxidations of sulfide (thiodiglycol) leads to sulfoxide 
(HOOCH 2 CH 2 ) 2 S + H 2 0 2 -* (HOCH 2 CH 2 ) 2 SO). The pH profile suggests that the reac¬ 
tion is acid-catalyzed and the most active species may be H 2 Mo0 6 . 48 

Mo 0 4 2 ~ + 2H 4 + 2H : 0 2 H 2 MoO(,-t-2H 2 0 (24a) 

H 2 MoQ 6 + 2(HOCH 2 CH 2 ) 2 S s ' uw . H 2 Mo0 4 + 2(HOCH 2 CH 2 ) 2 SO (24b) 
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Kinetic and polarographic studies of the Na 2 W0 4 -catalyzed H 2 0 ; oxidation of 
dimethyl sulfoxide to dimethyl sulfone reveal that the actual attacking species at pH 4 may 
be both HWO," and HWO,“. even if peroxypolytungstate is initially present. 4911 The rate 
with a catalytic amount of Na 2 W0 4 is independent of [H 2 0 2 ] and expressed as 
r ■ A' 2 [Me ; S0][Na ; W0 4 ] slorch , suggesting the following mechanism: 

(a + fc)HW0 4 -+(a + 4fi)H ; 0; aHWOr + 6HWO*- + <u + 46)H 2 0 (25a) 


HWO, + Me 2 SO - 

slow 

♦ Me 2 SO : + HW0 4 ~ 

(25b) 

HWO," + Me 2 SO - 

slow 

* Me,S0 2 + HW0 7 ~ 

(25c) 

hwo 7 - + h 2 o 2 - 

fast 

* HWOg - + H 2 0 

(25d) 


(Peroxypolytungstates are converted to peroxytungstates) 

The effect of acidity on the rate (Fig. 1) suggests the depoiymerization of polytungstic 
acid at pH 5.5 -> 3.0 (acceleration), protonation of peroxytungstate (e.g., HWO s " -* 
H,WO s ) at pH 2.5 -»O (acceleration), and protonation of Me 2 SO to Me 2 SOH 1 at — Ho, 
1 -*5 (retardation). 

Alkali vandate is generally less effective as a catalyst for H 2 0 2 oxidations. For example, 
sulfides give sulfoxides and then sulfones, 49h ' 49c but the rate is slower: the mechanism may 
involve polymeric as well as monomeric peroxyvandate as effective oxidants. 


2.2.3. Oxygenation of Amines 

A kinetic study on the oxidation of benzylamine with H 2 0 2 -tungstate showed a base 
catalysis and a pH profile which is in agreement with the calculated one based on the follow¬ 
ing mechanism with k H = 1.2 x 10 -9 M ~' and A, = 7.24 x 10~ 2 M~' s~' at 25°C 50 : 


PhCH 2 NH 2 + H + 7 

*H 

fast 

2 PhCH 2 NH 3 + 

(26a) 

PhCH.NH + TOOH - 

*<: 

+ 

^ PhTH NH OH+T-0“ 

(26b) 

i iiy-i i t i ’ 111 T i w w 11 - 

slow 

■* niv^rii nn-» wn t i w 

PhCH 2 NHOH + H 2 0 2 - 

fast 

- PhCH = NOH 4- 2H 2 0 

(26c) 


(TOOH may be HWO s , HW0 6 , HWO, , or their polymeric forms) 


Kinetic studies and the effect of pH on the rate of oxidation of N.A'-dimethylaniline by 
H 2 0 2 -Se0 2 suggest the following mechanism involving peroxyselenous acid 51 : 

O O 

H 3 0 2 + SeO ; -► HO-Se-OOH ‘ • hNMc ~- PhNMe, + Se0 2 + H 2 0 (27) 

In a kinetic study on the oxidation of anilines with a mixture of /-BuOOH and a V or 
Mo catalyst, a mechanism was postulated involving a rapid equilibrium for the formation of 
a peroxide-catalyst complex followed by rate-determining 0-0 heterolysis. 52 

S* OH H H 

a- I / . + / 

V.0<5“ -t-N-Ph —HO-N-Ph + V- —-O-r-Bu (28) 

I \ \ 

/-Bu H H 

The substituent effect in anilines (p= 1.63 with a and — 1.42 with <r + ) suggests an elec¬ 
trophilic attack of HO + on nitrogen. 52 
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-H 0 pH 

FIGURE 1. Effect of acidity of solution on the second-order rate constant k 2 for the H,0, oxidation 
of DMSO at 25’C. [Na 2 WO 4 ] 0 = 1 * IQ- 3 M. [H,O 2 ] 0 = 3.0 x 10" 2 M. [DMSO] 0 = 2.5x 10 2 M 


2.2.4. Formation of Glycols 

A comprehensive treatment of 0s0 4 oxidations is given in Chapter 12 by Singh. 

A mixture 0s0 4 /H 2 0 w or 0s0 4 //-B00H can oxidize olefins to c/s-glycols as in the 
case of 0s0 4 alone. The active species may be perosmic acid which adds to the double bond 
forming a cyclic intermediate, 53 which is isolable by chromatography (Experiment 7). 


0s0 4 + H,0 


OH O 

I II 

O-Os 




o 


o 


OH 


(29a) 


C 

C 


HO 

I 

+ o 


o 

11 ^ 

I ^ 

OH 


C-O OH 

\l ^ 

/I ^ 


o 

o 


C-O OH 


C-OH 

+ 0s0 4 (29b) 

C-OH 


2.3. Ionic Mechanism via Lewis Acid Activation 

Lewis acids such as A1C1,, BF,, etc. can activate H 2 0 : , peracids, alkyl hydroperoxides, 
and diacyl peroxides as electrophilic oxidants, i.e. (R: H, R'CO, Alkyl), 53 

AlCl, 

ROOH + Aid, T=t RO-0 (30a) 

\ 

H 
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AlClj 

R-O-O + ArH-► R-0-Ar + AlCl,(OH) + HCl (30b) 

\ 

H 


The mechanism is similar to that with protic acids such as HF and FSO,H — SCKCIF. 56 
The AlClj-induced reaction of di-r-butyl peroxide with toluene gives r-butyl cresols (66%) 
(o:m:p = 59:10:31) and t-butyltoluene (60%), presumably according to the following 
scheme 57 : 


R-O-O-R + ArH 

6 ' ! 


AIClj 


R — Ar + ROOA1CU 4- HC1 


RO-OA1CU + ArH-► ROAr + AlCl 2 (OH) 

ROAr + ArH + AlCl,-► ArOAICl 2 + Ar-R + HC1 


Ola) 

Olb) 

(31c) 


3. SCOPE AND LIMITATIONS 


3.1. General Considerations 

The organic chemistry of peroxides 58 ' 59 and peroxide oxidations has been reviewed 
comprehensively. 58-61 Many useful oxidations involving metal compounds were developed 
with peroxides, 62 63 including dialkyl (ROOR) and diacyl peroxides (ROO-) 2 , M peresters 
(RC0 2 0R'), 65 hydroperoxides (ROOH), 66 hydrogen peroxide, 15 ' 67 peroxydisulfate, 15667 and 
peroxydiphosphate. 38 They are classified in three types (cf. Section 2). 

The following shows various types of useful oxidations which are classified primarily by 
the substrates: alcohols to aldehydes and ketones, carbonyl compounds to carboxylic acids, 
olefins to epoxides (sometimes regio- and stereoselective), to glycols and to ketones, 
activated C-H and aromatic compounds to their hydroxyl and acyloxyl derivatives, amines 
to amine oxides, oximes and aldehydes, sulfides to sulfoxides and sulfones. 


3.2. Oxidation of Alcohols 
3.2.1. Alcohols 

The Fenton oxidation of primary and secondary alcohols often affords complex 
mixtures of products, but there are a number of useful applications in polyol oxidations. 68 
For example, galactitol is oxidized to isogalactose in 30% yield. 69 Relatively high yields of 
aldehydes are obtained from primary alcohols with Ag + -catalyzed peroxydisulfate 
oxidation. 70 


PhCH,OH- —— -► PhCHO 

*■ 75%<isolated) 


( 32 ) 


Similarly, 5-hydroxymethyluracil is oxidized to the aldehyde (>70%). 71 ' 72 
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The Fenton oxidation of x-phenyl alcohols to ketones accompanies C-C scission to ben- 
zaldehyde. 


PhCHR- 1 Q< > PhCR + PhCHO (33) 

1 I! 

OH O 

Benzaldehyde is a minor product, when R = Me or Et, but it is predominant, when 
R = /-Pr or r-Bu. 34 An efficient conversion of secondary alcohols to ketones is attained by the 
H : 0 ; /W 6+ system using 2-pyridinecarboxylate as a ligand; e.g., 2-octanol to 2-octanone 
(70%). 73 


3.2.2. Cleavage of Glycols and Related Compounds 

C-C scission of 1,2-glycols is usually carried out by HI0 4 or Pb(OAc) 4 , but it is also 
attainable by S ; 0 8 2_ /Ag + ; e.g., the scission of styrene diol (61%), cyclohexanediol (41 %), 
and pinacol (100%). 74 

R‘R 2 C-CR 3 R 4 S;0,i ■ R i R 2 C = 0 + R 3 R 4 C = 0 (34) 

I 

OH 

OH 

x-Oxy ketones and acids are likewise subject to C-C cleavage , 75 but acetoin bearing an 
x-H is oxidized to biacetyl instead of the C-C scission . 76 The oxidation of L-gulono-y-lactone 
to L-ascorbic acid with H^CK-Fe 24 is the same type of oxidation . 77 


3.3. Oxidation of Carbonyl Compounds 
3.3.1. Aldehydes 

The HjO^SeOj reagent oxidizes aldehydes selectively to acids even in the presence of 
an isolated C = C bond (Experiment 3), 7879 e.g., 

CH-, = CHCHO- H?0:/Se0? —► CH-, = CHCO-,H (35) 

- (-AmOHtW/o 

An exception is the formation of vinyl formate via Baeyer-Villiger oxidation of allylic 
aldehyde. 80 


3.3.2. Ketones 

Cyclic ketones are oxidized to ring-contracted acids with H^Oj/SeO;,. 8185 



(CH, 


c=o 


H.Q.ScQ, 

/-BuOH 



: CH-CO;H 


(36) 


Here, n and percent yields are n = 4 (23%), 5 (32%), 11 (32%), etc. The reaction has been 
applied to steroidal ketones. 84 The same reaction is attainable with Tl(IIl). 86 Similar 
migrations of alkyl groups occur with acyclic ketones, where the migratory aptitutde 87 
increases with decreasing number of alkyl carbon number. 

ROOCH —B ; 0 3 achieves Baeyer-Villiger oxidation; i.e., cyclohexanone is converted at 
170°C to ocaprolactone (70%). 88 The oxidative C-C scissions of x-diketones, 89 
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a-ketoacids, 90 and a-ketols 91 are effectively achieved by H 2 0 2 /Na0H/'Me0H. It is of interest 
to note that alkyl group rearrangement or ring contraction occurs during the H 2 0 2 -Se0 2 
oxidation of ketones. 

CH 3 -C-CH 2 CH 2 COOH 

O 


HjOj/SeO; 
/-BuOH.82 C 


HOOCCH 2 CH, CH 2 COOH + H 3 C - CH - CH 2 COOH 


(Ref. 81) 


(37) 


COOH 




H.O, ScO. 
J-BuOH. 80 C 


CO,H + HO 2 C-(CH,), 0 -CO,H (Ref. 82) (38) 


3.4. Oxidation of Double Bonds 


3.4.1. Epoxidation of Olefins 

Since epoxides are sensitive to acid-catalyzed cleavage, the general way of epoxidation 
with peracids is not always appropriate for some epoxides. 61,92 In these cases metal-catalyzed 
epoxidation with H 2 0 2 or ROOH is preferable. 

Hydrogen Peroxide. In the H ; 0,-metal oxidation of olefins in aqueous solution, 
epoxides may be isolated at neutral pH. 9 ' 93 ' 94 One of the useful applications is the 
epoxidation of maleic and fumaric acids with HjOj/Na,W0 4 , 95,96 which is not attainable 
with peracids. For example. 


CHCO : H 

CHCO->H 


CHCO,H 


H;Oj/Na 3 WO</pH4 5.5 
w»ter;65 , 'C;77V« 


M 

CHCO-.H 


(39) 


Although a,/?-unsaturated ketones can be epoxidized with alkaline H 2 0 2 or /-BuOOH, 97 this 
method is not effective for a./i-unsaturated acids. 

The epoxides are formed with high selectivity (>90%) 98 with metal compounds such as 
W(CO) 6 , AS 2 0 3 , B 2 O v etc. 15a in anhydrous solvents (dioxane. acetonitril). 

Since no ROH is produced as is the case with hydroperoxides, the reaction is advan¬ 
tageous for large scale. Epoxidation with H 2 0 2 is possible with basic alumina 99 and with 
selenic acids as phase transfer catalysts. 100 

Hydroperoxides. In organic solvents, alkyl hydroperoxides may epoxidize olefins at 
elevated temperatures with low (< 50 %) selectivities, 101,102 which are improved by addition 
of catalysts such as Mo or W compounds 41 (Halcon process). 14,103 

Catalytic activities for epoxidation of cyclohexene with /-BuOOH are in the order of 
Mo 6+ > W 6+ > Ti 4+ ; the extent of autoretardation by the resulting /-BuOH is 
W 6+ < Mo 6+ < Ti 4+ < V 4 + . 104 Good solvents for the epoxidation are nonpolar ones such as 
benzene and polychlorohydrocarbons, while coordinating solvents, e.g., alcohols, DMF, 
THF, and dioxane are inappropriate. 105 Mo 6+ catalysts are the best with regards to rate and 
selectivity. 104,106 Besides soluble catalysts such as Mo(Co) 6 (Experiment 5), solid metal 
catalysts supported on carriers are also effective as is claimed in patents. Borate catalysts not 
containing any metals are also effective. 107 
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Vanadium by its high coordination ability is the best catalyst for stereoselective 
epoxidation (Section 3.4.2) of allylic alcohols. 108 

These epoxidations are electrophilic in nature, i.e.. the rate is increased by substitution 
of alkyl groups on the double bond. 43 ' 08109 

An interesting example is the oxidation of cyclohexene with two different metal com¬ 
pounds to afford cyclohexanol and cyclohexeneoxide. 110 

OOH OH 

O T=X* 6) -M=nr (j) + O 0 1401 

Metal system A is Co(acac) 2 or RhCl(PPh 3 ) 3 , which initiates the autoxidation, and 
Metal system B is the epoxidation catalyst. 

When a mixture of /-BuOOH/SeO, in dichloromethane is employed instead of aqueous 
HiO^SeO,, ally! alcohols can be obtained from olefins in high yields. 111 

O 

II 

R00H + Se0 2 i-- HO-Se-OOR 

OH 


R'CH.-CH >CHR- 
-SeOj. -ROH 


RCH —CH = CHR" 


(41) 


3.4.2. Regio- and Stereoselective Epoxidations" 6 

Regio- and stereoselective epoxidations are important for preparing industrial fine 
chemicals. 112 Some directing effects are observed with peracid epoxidation (e.g., cis/trans = 
9:1 with 2-cyclohexenoi), 113 syn-direction with OH > C0 2 H > CO ; R > OCOR 114 and a high 
stereoselectivity with OH and other groups, 115 but the tendency to cfs-epoxidation with the 
OH-containing substrate is higher with ROOH/metal catalysts 116 ; e.g., cyclohexene-3-ol is 
epoxidized mainly to the cir-product with r-BuOOH/Mo(CO) 6 . 117 

Epoxidation catalyzed by Mo(CO) 6 or VO(acac) 2 is accelerated by OH groups to 
products with m-configurations (Table I). 117118 

The V-catalyzed reaction is fast at room temperature, 1193 e.g., 2-epoxygeraniol from ger- 
aniol (Experiment 6). 



Diolefmic alcohols are thus epoxidized at the double bond nearer to the OH group. 120 


TABLE I. Relative Rates of Epoxidation with Various Oxidants 
and the cis/trans Ratios of Resulting Epoxides" 


Oxidant 


Perbenzoic acid 

r-BuOOH/Mo(CO)„ 

r-BuOOH/VO(acac). 


Relative 


Relative 


Relative 


Cyclohexene 

rate 

( cis/trans) 

rate 

(cis/trans) 

rate 

( cis/trans) 

Unsubstituted 

1.0 

— 

1.0 

— 

1.0 

— 

3-OH 

0.55 

(92/8) 

4.5 

(98/2) 

>200 

(98/2) 

3-OAc 

0.046 

(37/63) 

0.07 

(40/60) 

— 

— 

4-OH 

0.42 

(60/40) 

11 

(98/2) 

10 

(98/2) 


14 Reference U7. with permission of the American Chemical Society. 
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TABLE II. Regio- and Stereoselective Epoxidation with 
Peroxides/Metal Compounds 


Olefins 

Oxidant 

Products (ratio or %) 

Reference 

Me Me 

^OH 


O OH 

Me !/-k M 

* Me 

O OH 

Me £>—t^Me 

119b 



erythro 

threo 



MCPBA" 

55 

45 



/-BuOOH/Mo 6 * 

84 

16 



-/-BuOOH/V 5 * 

95 

5 


3-Cyclooctenol 


m-Epoxide 

/ra/w-Epoxide 

118b 


MCPBA" 

0.2 

99.8 



/-BuOOH/V^ 

97 

3 


x-Hydroxvmethyl- 

ci.r-stilbene 

/-BuOOHAT'V 

Tartrate 

m-Epoxide (95% ee) 

124 


" MCPBA. m-chloroperbenzoic acid. 


Asymmetric epoxidations of allvlic alcohols. With chiral peracids the low yield of 
< 10% ee 121 is improved by /-BuOOH/Mo or V bearing chiral ligands. For example, 33% 
at maximum ee is obtained with A-alkyiephedrine-Mo, 122 and up to 50% ee with a chiral 
hydroxamate-V catalyst. 123 Over 90% ee is obtained with a tartrate-Ti system [Eq. (49)] 124 
(see Table II). 


Xp h 


/-BuOOH/Tif O*/* Pr/tartrate 
CH,Cl,/ - 20 C/70%-80V. 


. o , 
>^Coh 


(43) 


The yields in epoxidation of hydrocarbon olefins (see Table III) are low (1 %-14% ee) 
with /-BuOOH/Mo-( + )-tartrate, I25a but 60%-100% yields ee are attained with 
(+ )-3-trifluoroacetylcamphor as a ligand. 125b 


3.4.3. Dihvdroxylation of Olefins 

The H ; 0 ; oxidation of olefins catalyzed by V 2 0 5 , 126 H,W0 4 , 94 and SeO ; 127 128 affords 
//ww-glycois. Maleic acid is dihydroxylated to DL-tartaric acid in high yield only by 
H ; 0 2 /H ; W0 4 at 80-100°C, 129 but the yields are not always that high. 

The OsO„-cataiyzed cw-dihydroxylation 653 with H : 0, [Eq. (33)] is improved by using 


aqueous /-Bu00H/0s0 4 /Et 4 N0H in /-BuOH, 130 e.g.. 



aq./-BuOH ' 

^ ^OH 


(44) 

H,0 : /0s0 4 

<20% 

30% 


Bu00H/0s0 4 /Et 4 N0H 

73% 

7% 



The use of base is essential, e.g., Et 4 NOAc in /-butanol (Experiment 7). 131 
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TABLE III. Typical Oxidations of Olefins with Peroxides/Metal Compounds 


Olefins 

Oxidants 

Conditions 

Products (yield, %) 

Reference 

A. Epoxidalion 

1-Octene 

r-BuOOH/Mo(CO ) 6 

PhH, 90°C 

Epoxide (92) 

106 

1 -Octene 

r-BuOOH/MoO, 

105X 

Epoxide (92) 

109 

Cis-4-Me-2- 

pentene 

PhCMe,OOH/MoO, 

80X 

ds-Epoxide (97) 

109 

Cyclohexene 

r-BuOOH/MoO, 

(acac) 2 

PhH. 90X 

Epoxide (94) 

104 

Allyl ethyl ether 

<-BuOOH/Mo(CO) 6 

PhH, 95 X 

Epoxide (77) 

108 

AUyl alcohol 

i-BuOOH/Mo(CO) 6 

PhH, 100X 

Epoxide (10) 

108 

Allyl alcohol 

/-BuOOH/VO (acac) 2 

PhH, 100X 

Epoxide (83) 

108 

B. Dihydroxvlalion 

Maleic acid 

H,02/H 2 W0 4 

H 2 0, 80- 
100X 

DL -Diol (95) 

129 

Cyclohexene 

HjOi/SeO, 

aq. i-BuOH, 
55-60X 

/ra/w-Diol (65) 

128 

Cyclohexene 

r-Bu00H/0s0 4 / 

Et 4 NOH 

r-BuOH 

r/s-Diol (62) 

130 

m-4-Octene /-BuOOH/OsO»/ 

Et 4 NOAc 

C. Oxidative C = C Cleavage 

Acetone 

threo-Diol (81) 

131 

ArCH = CHMe 

H^Oj/OsO, 

Et 2 0 

ArCHO (60-75) 

7 


3.4.4. Oxidative Cleavage 

Prolonged reactions often lead to oxidative C = C cleavages as reported with 
H 2 0 2 /0s0 4 , 7 H^Oj/SeO,, 1321 ” r-Bu00H/0s0 4 , 134 and r-BuOOH/Mo(CO) 6 in the case 
of enol ethers. 135 c.g., 7 

/>-MeOC 6 H 4 CH = CHMe />-MeOC 6 H 4 CHO (45) 

These C = C cleavages occur aiso with ozone or permanganate. 


3.4.5. Ketones from Terminal Olefins 

Terminal olefins are oxidized to methyl ketones by r-BuOOH/Pd salts. 136 


rch=ch 2 


/-BuOOH'PdlOCOCF.); 


RCOCH, 


(46) 


For example. 1 hexene and styrene are converted to 2-hexanone and acetophenone, respec¬ 
tively (>98%). but internal olefins do not react 136 (Experiment 8). Subsequent reduction 
affords secondary alcohols RCH(OH)CH,, in contrast to another process which leads to 


« in /ntt _ _ i-BuOOH — MoOi ■ I H?Ni r% r '' t t ait \ 137 

primary alcohols (RCH = CH 2 -*■ epoxide- * RCH 2 CH 2 OH). 
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3.4.6. Oxidation of C= N Bonds 

Oxidation of imines to oxaziranes is usually done with peracids, 138 but is also possible 
with ROOH/MoCl 5 ,' 3< ' 


C=NR 


/-AmOOH/MoCk 

CsH 6 :66%-9:% 


c 


NR 


(47) 


O 


3.5. Oxidation of C-H Bonds 

This section treats hydroxylation (see Table IV) and acyloxylation (see Table V) of 
aliphatic, aromatic, and activated C-H bonds such as aliylic C-H bonds by the metal- 
catalyzed acyloxylation with peresters or diacyl peroxides followed by alkaline hydrolysis. 


3.5.1. Direct Hydroxylation of Aliphatic C-H Bonds 

Although alkanes are oxidized by 30% H 3 02/CF,C0 2 H, 140 HjO^/super acid, 141 etc., 
hydroxylations are not selective, e.g., cyclohexane with /-BuOOH/Cr(acac) 2 affords 
cyclohexanol and cyclohexanone. 143 and pentane with ROOH/B^Oj gives pentanals (only 
4 %-20 %). 143 

An efficient way of a-hydroxylation of olefins (aliylic hydroxylation) is to employ 90% 
/-BuOOH with SeO,'“ 


PhC(CH,) = CH 


i-BuOOH/SeO; 

CH 2 CIj;54% 


Ph(CH,OH) = CH 2 


(48) 


A formyl group is unattacked; acetylenes are also hydroxylated. 1 ' 1 This reagent is 
superior 111144 to Se0 2 alone or aqueous H 2 0 2 /Se0 2 . 


TABLE IV. Hydroxylation of C-H Bonds 


Substrate 

Conditions 

Products 

(percent yield :o:m:p) 

Reference 

A. Hydroxylation of Aliphatic C-H Bonds 



1-Decene 

/-Bu00H/Se0 2 /CH 2 Cl : 

3-Hydroxy-l-decene (61) 

77 

1-Decyne 

t-BuOOH/SeOj/CHXL 

3-Hydroxy-l-decyne (48) 

77 

Cyclohexane 

r-BuOOH/Cr 2< 7108”C 

Cyclohexanone (42) 

142 



QH..OH (22) 


B Hydroxylation of Aromatic Rings “ 



Toluene 

90% HjOj/AlClj/O-S’C 

Cresols (40; 60:8:32), 

54 



ClC ( ,H < Me(16) 


Toluene 

S 2 O s 2 -/Fe 2+ /Cu 2 + 

Cresols (81; 63:3:33), 

165 



PhCH 2 OH (63) 


PhCl 

S 2 O g 2 -/Fe 2 + /Cu 2 + 

HOC 6 H 4 Cl (50; 19:3:78) 

164 

PhCl 

H 2 Oj/Fe 2 + /Catechol 

HOC 6 H„CI (24;45:15:40) 

27 

Mesitylene 

(-BuOOH/B 2 O 3 /100°C 

Mesitol (81) 

143 


" Percent yield are based on peroxides charged. 
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3.5.2. Oxidation o f Ethers 

The Fenton and persulfate-metal oxidations of ethers start bv x-H abstraction. 68 145 but 
then afford a complex mixture. a-Acyloxylation of ethers with peresters/Cu 6 is applicable to 
organic synthesis. 


3.5.3. Oxidation of Benzvlic C-H Bonds 

Although the oxidation of an alkylbenzene with H.O^Fe 26 results in complex 
mixture, 146147 oxidations with S 2 0 8 2_ /Ag + give preferentially benzaldehyde (51%) from 
toluene 70 and acetophenone from ethylbenzene 148 : 

PhCH.CHj . PhCOCH, (49) 

3 65 70*C:73% 3 

Tetraline is similarly oxidized to tetralone (65%) with HjOj/V-O;, 126 and anthracene to 
anthraquinone (80%) with H 2 0,/Fe(0Ac) 3 at 110°C, 149 /J-diketones, 150 and lactones. 151 
a-Acyloxylation of ketones is done via enamines followed by acyloxylation with benzoyl 
peroxide/HCl. 152,153 The a-acyloxylation with perester is inefficient for amines. 154 but well 
applicable to N. A-dialkylamides. 155156 


3.5.4. Direct Hydroxyiation of Aromatic Rings 

In analogy to the hydroxyiation with peracid alone, 157 aromatic hydroxyiation is 
attained with H,0 2 or ROOH using acid catalysts such as A1C1 3 , 54158 HF, 55 
pyridine-HF, 159 H 2 S0 4 , 160 phosphoric acids, 161 metaborate, 1073 and super acids 56,141 162 ; e.g., 
toluene with H.O^/AlClj yields cresols (o:m:p = 56:8:36). 158 

The Fenton (HjO^Fe 2 * ) hydroxyiation gives a mixture of products including the side 
chain oxidations. 146,163 whereas rather higher yields of phenols are obtained by H 2 0 1 /Fe : + / 
catechol [Eq. (17)]. 27 The hydroxyiation of benzene with S 2 Og 2- /Fe 2+ (26% yield) is 
improved on addition of Cu 2 + (64% yield) 164 : toluene with SXg^/Fe^/Cu 2 ' 1 ' affords 81 % 
yield of cresois (o\m:p = 63:3:33) [Section 2.1.3, Eq. (19)]. 165 These redox reactions, 
however, are conducted in aqueous solutions, which are too dilute for synthetic applications. 

3.5.5. Acyloxylation of Ally lie C-H Bonds 166 

Useful acetoxylation agents of activated C-H bonds are peresters 167 or diacyl 
peroxides 166 with metal ions or with irradiation via R’COO' radicals. 

RH + R CO,-/-Bu-—> ROCOR' + r-BuOH (50) 

3 R’-MeorPh 

Allylic C-H bonds are acycloxylated on heating with peresters/Cu + (Experiment 14); 



PhCO,- /-Bu/CuBr 
PhH. 80-82’C: 71%-80% 


OCOPh 


(51) 


The acyloxylation is accompanied by migration of the double bond, affording a mixture 
of isomers, e.g., either 1- or 2-butene yields a 9:1 mixture of CH 3 CH(OCOR) = CH 2 and 
CH 3 CH =CHCH 2 OCOR. 169 

Predominant formation of terminal olefins is often observed by the double bond 
migration (Table V). 170,171 The addition of excess acid R'C0 2 H enables the introduction of 
a R'CO, group. 170 The formation of 7-/-butoxy- 172 and 7-benzoyloxy-norbornadiene 173 from 
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norbornadiene (Experiment 15) and 3-benzoyioxy-l-butene from 2-butene 174 belongs to this 
type of radical reaction. But the acetoxyiation of olefins with diacyl peroxide/Cu + often 
results in a mixture of products via addition and H abstraction reactions. 167174 


3.5.6. Acvloxylation of Other Activated Aliphatic C-H Bonds 166 

Activated C-H bonds are likewise acetoxylated with peroxides/Cu + . Benzylic C-H 
bonds give lower yields 1713 ; e.g., the isde chain acyloxylation of cumene gives 40% yield with 
RC0 3 -i-Bu/CuBr 171al75 and 20% with i-BuOOH/CuCl/PhCCCH. 176 Peracid/Co 3 + can 
oxidize aromatic methyl groups 177 , e.g., 

H > C -<0>- CH ’ 1 H,C^j>-CH ; OAc (52) 


Heating xylene with diacyl peroxide/CuCl, results in selective ring acyloxylation 353 (Sec¬ 
tion 3.5.7). 

The perester/Cu + oxidant is useful for x-acetoxylation of ethers, thioethers, etc., 
although it is possible with diacyl peroxides alone. 17 * 179 

R’OCH,R 2 + RCO,-/-Bu Cu - - u - * ■ R‘OCHR 2 + /-BuOH (53) 

I 

OCOR 

Thus anisole 180 and diethyl ether are acyloxylated 155 in 23% and 82% yields, respectively. 
The acyloxylation of benzyl alkyl ethers occurs preferentially at the benzyl CH 2 . 181 Tetra- 
hydrofuran affords mainly a-/-butoxy-THF 41% with MeC0 3 -i-Bu, probably via 
o-acetoxylation, elimination to a./3-unsaturated ether, and then addition of r-BuOH. 182 
Thioethers are acyloxylated similarly. 180183 184 The following reaction exemplifies the 
activation by S rather than by O 185 : 



PhCOw-Bu/Cu * 
53% 



OCOPh 


(54) 


Formyl groups are acyloxylated to yield anhydrides 154 ; thus. 


PhCHO 


PhCOw*Bu/CuBr 

70% 


PhCOCPh 

II II 

o o 


(55) 


This reaction enables syntheses of mixed anhydrides. The acyloxylations with perester/CuX 
are inefficient for a-C-H bonds of ketones, acids, and esters; e.g., diethyl malonate with 
PhC0 3 -/-Bu/CuCl affords low yields of PhC0 2 CH(C0 2 ET) 2 (16%) and 
/-Bu0CH(C0 2 Et) 2 (26%), 185 but the acyloxylation of malonate is effective with benzoyl 
peroxide/EtONa (78%). 186 187 The same oxidation with peroxide alone is efficient for 
/(-ketoesters. 188 


3.5.7. Acyloxylation of Aromatic Rings 

Aromatic acyloxylations are attained with diacyl peroxides (RCOO-^/Cu 24 via acyloxy 
radicals (RCOO-) [Eq. (18)]. Benzoyl peroxide (R = Ph) (Experiment 9) and diisopropoxy 
peroxy dicarbonate (R = /'-PrO) are often used. Aliphatic diacyl peroxides (R = alkyl) do not 

work, since decarboxylation (RC0 2 --► R‘ + C0 2 ) is very fast. The additional oxidants 

in Eq. (18) may be oxygen, 189 iodine, 190191 and CuCl 2 35a192 193 ; the isomer distributions do 
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not differ with changing the oxidants. 190193 Polycyclic aromatics such as naphthalene 194 and 
anthracene 195 are acyloxylated (20 %—80 %) even without additional oxidants. 

The aromatic oxygenation with dialkoxyperoxydicarbonates is efficiently conducted with 
CuCl, (better than with CuCl) in acetonitrile. 196 197 The yields are over 80% for benzenes 
with electron-releasing groups. The reaction is less efficient for chlorobenzene. 198199 

Aromatic acyioxylation with diacyl peroxides catalyzed by AlCl, [Eq. (30)], 200 
CF 3 C0 2 H, 201 HNO 3 , 20: or (NH 4 ),Ce(N0 3 ) 6 203 is unsatisfactory; other acyloxylations were 
attempted with S 2 O g 2 ~/Pd(OAc) 2 /AcOH 204 and S 2 0 8 2- /Cu(OAc) 2 /AcOH, 205 the former 
reaction favoring m-substitution. 


3.6. Oxidation of Nitrogen Compounds 


Tertiary Amines. Although oxidation of tertiary amines to /v'-oxides is facile with 
H 2 0 2 206,207 or peracid alone, 208 it can still be improved by using hydroperoxide/V 
salt 42-139209 or Mo 209 salt (Experiment 17) 42 : 


n-C 12 H 25 NMe 


/-BuOOH /VO< acac )j 
/•BuOH.6S-9(rC;76V.-83% 


«-C,,H 2! NMe 

1 

O 


(56) 


Similarly, pyridines are oxidized with ROOH/MoC1 5 . 52 210 The products in Eq. (56) can be 
easily isolated. 


Secondary Amines. Secondary amines are oxidized with H 2 0 2 alone to 
hydroxylamines, 211 then with /-BuOOH to nitrones. 212 Amines without a-hydrogen are 
oxidized to nitroxyl radicals with /-Bu00H/Na,W0 4 213 the method is useful for the 
preparation of nitroxyl radicals, 214 e.g., 


h,q,/n», wo„ 

MeOH, r.t.; 71% 

I 

H 




(62) 


Primary Amines. The reaction course for primary amines varies with the peroxide and 
the catalyst. The oxidation with H 2 0,/W0 4 2_ affords oximes; i.e., 40%-90% yield with 
R = Et, Ph, cyclohexyl, etc. 215215 [Eq. (63a) and Experiment 10], In the case of 
S : O s 2_ /Ag + , intermediate imines are hydrolyzed to aldehydes (60%-90%). 217 


rch 2 nh 


H;02/N»,W0, 

aq.ElOH 


SjO| ! /AgNo,/NaOH 

water 


RCH = NOH (Refs. 215, 216) 


RCHO (Ref. 217) 


(57a) 


(57b) 


In analogy to peracid oxidation, 218 catalytic hydroperoxide oxidations of anilines give 
azoxybenzenes and nitrobenzenes (Experiment 11). 


r-BuOOH/Ti 4 * 


ArNH,- 


70"C,-92%-100V. 


/•BuOOH /VO(acac 


ArN = NAr (Ref. 219) 

1 

O 


ArNO, (Ref. 220) 


(58a) 


16O-I70C 


(58b) 
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Oxidation to nitrobenzenes 
H,0,/(CF,),C = 0. 138 


also possible with CF 3 CO,H 221 or 


3.7. Oxidation of Sulfur Compounds 

Sulfides are easily oxidized to sulfoxides and then to sulfones: 


R 


R' 


R 


R' 


R 


SO 


SO, 


(59) 


Sulfoxides are obtained bv heating sulfides with H,0, alone. 222 H,0,/'V0(acac),,'' 34 - 223b 
H,0 2 /NaV0,, 49b H,0,|Se0,. 224 or ROOH/Mo or' V catalysts. 48 - 225 " Asymmetric sulfoxides 
are formed with low ( < 10% ee) optical yields with r-BuOOH/VO(acac>, in optically active 
alcohols. 226 

While the oxidation to sulfones is generally done with peracids. the systems with 
H,Oj/Na, W0 4 49,222 and ROOH/MeO,(acac), are also effective. 227 The relative reactivity is 
in "the order R, S > R, SO > C = C. 2254 


3.8. Miscellaneous Types of Oxidation 


3.8.1. Functionalization via Ligand Transfer 

The carbon radicals, formed by the redox decomposition of tertiary hydroperoxides with 
Fe 2 + , are subject to ligand transfer reaction as well as coupling as shown in 
Experient 4, 19 - 228 e.g., cyclohexanone peroxide gives products of Eq. (67). 

Cl(CH,) 5 CO,H (Ref. 22b) (60a) 

HO,C(CH,) s CO,H (Ref. 229) (60b) 

The substitutions at allyiic carbon are attained by r-BuOOH/Fe 2 + /CuX using the 
ligands X or Cl, Br, I, N„ SCN. CN, S,0 3 Na, etc., 23a “ 233 e.g., 

|Ol -L2&. , lO] 

L l| -r-BuOH l, J) 

X 

Interestingly, an intramolecular remote functionalization is possible which includes the 
Cu 2+ oxidation of the intermediate radical to olefins, 234 e.g., 

ooh . (62) 

AcOH; 50% / ' ' 

Another application is a redox reaction including /(-scission of intermediate alkoxy radicals 
from hydroperoxide to the lactone recifeiolide (6). 235 




HO, OOH 


CO,H 

Qh, 


OOH 


O 


(63) 
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3.8.2. Alkylation and Acylation of Heteroaromatic Bases lib 

Alkylation and acylation of protonated heteroaromatic bases, which do not undergo 
Friedel-Crafts reactions, are possible by substitutions with alkyl and acyl radicals. 236 Alkyl 
radicals are produced by oxidative decarboxylation of carboxylic acids with S 2 O g 2 ~/Ag + . 
For example, quionolines are alkylated at the 2- and 4-positions with R = Me, Et, /-Pr, 
PhOCH 2 , etc. or at the 2-position with R = /-Bu. 237 238 See also Experiment 12. 


R 



Acyl radicals R'CO' are formed by H atom abstraction of aldehydes R'CHO with 
ROOH/Fe 2 ■ in acidic media 234 ; e.g., quinoxaline (Experiment 13) 239a and benzothiazol 2396 
are 2-acylated with R' = Me, Et, ?-Bu. allyl, and Ph 50%-80%, while quinoline is 
2.4-diacylated. 239c 

Carboxylations are also possible via the -CO,Et radical produced from ethyl pyruvate 
(CH, COCO, Et)/H 2 O ,/Fe 2 4 . 240 Carboxyamidations with the Me : NC = 0 radical are 
attained by H 2 0 2 or t-BuOOH/Fe 2+ in the presence of DMF (Me 2 NCH = 0) accompany¬ 
ing a-amidoalkylation with -CH-NMeCHO. 241 When trioxane (CH 2 0) 3 is used, benzo- 
thiazoie is substituted with the CHO group via substitution with trioxane. 242 



A similar alkylation is possible with dioxane/HjO^Fe 24 and MeOH/^O^Fe 24 . 243 


3.8.3. Dimerization 

Dimerizations induced by the Fenton reagent are reported for alcohols, amines, nitriles, 
acids, esters, ethers, and ketones. 15,67 Most of these reactions yield complex mixtures, hence 
inappropriate for syntheses. However, rather high yields are obtained with the dimerizations 
of pivalic acid (37%), pivalonitrile (52%), 244 and f-butanol (46%), 245 where hydrogen 
abstraction by HO" affords only one radical (Experiment 18). 


CH, 


CH 3 CH 3 


CHj-C-X - H ™ FcSO * , X-C-CH 2 CH 2 -C-X 


CH 3 


CH 3 CHj 


( 66 ) 


The dimerization of phenols is possible with H 2 0 2 /Fe 2 + , 246 but better results are 
obtained with S 2 O g 2_ /Ag + ; e.g., 60% yield with S 2 O s 2-/Ag + for dimerization of 
2.6-dimethylphenol at the 4-position, 247 whereas the use of S 2 0 8 2 “/0H“ results in Elbs 
hydroxylation. affording 2,6-dimethylhydroquinone. 248 
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3.8.4. Dehydrogenation 

A useful dehydrogenation is reported with ketones using ROOH/Pd 249 

/- BuQOH/PdCL/HCl 
96 % 




(67) 


3.8.5. Decarboxylation 

Aliphatic acids are oxidized via a decarboxylation reaction (RCOO- -♦ R- + CO,) to 
olefins with S : O g 2- /Ag + /Cu 2 + ; e.g., butyric acid to propene (85%). 250 Likewise, the reac¬ 
tion of diacyl peroxide (RCO ; -) 2 with Cu 2+ gives radical R-, which is oxidized either to an 
olefin or a carbonium ion. 251-252 


4. EXPERIMENTAL CONSIDERATIONS AND PROCEDURES 

4.1. General Comments 

When planning experiments using peroxides, one should keep in mind that peroxides 
are explosive in nature and some of them are eye irritants, so that handling, storage, and dis¬ 
posal of mixtures containing peroxides should be done carefully. Since the extent of danger 
varies with each peroxide and condition, one should beforehand read reviews on their 
hazards. 253-254 /-Butyl hydroperoxide, cumyl hydroperoxide, benzoyl peroxide and <60% 
aqueous H 2 0 2 are practically safe with ordinary careful treatment, but low molecular 
weight peroxides in neat form are very dangerous. The extent of their hazard increases with 
the content of active oxygen. Thus high concentrated H 2 0 2 , acetyl peroxide, acetone 
peroxides, and performic acid are highly explosive, so that their use should be avoided. 

The hazard of peroxides is evaluated by the burning test, rapid heating test, flash point, 
shock sensitivity, 254 and pressure vessel test. 255 Acetyl, benzoyl, ketone peroxides, and 
peroxydicarbonate are ranked as shock sensitive, leading to detonation hazard. 

Instructions for handling dangerous peroxides are as follows: 

a. Safety glasses and gloves should be worn and the reaction conducted behind a safety 
shield. 

b. The reaction should be started by dropping peroxide carefully into a substrate or 
solvent with efficient stirring. Never add in reverse order. Never start sudden stirring. 

c. The reaction should be conducted in a dilute solution; if possible avoid the isolation 
distillation of peroxides. 

d. Use a minimum amount of peroxide. Conduct experiments on a minimum scale. 

e. The remaining peroxide should be reduced completely with a reducing agent after 
oxidation or before distillation of the products. 

f. Avoid the use of a metallic spatula or contamination of metallic compounds and 
dust. Never use a ground-glass stopper in contact with peroxides. 

g. Since peroxides may evolve oxygen gas, a storage bottle with a vent and a sparkless 
refrigerator are recommended. But overcooling may lead to the deposit of hazardous 
crystals of peroxide. 

There has been no hazardous accident in our laboratory, although we have been 
treating peroxides for 25 years. 
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4.2. Availability and Handling of Peroxides 

Syntheses, availability, and properties of organic peroxides have been summarized 15 256 ; 
also details for each peroxide 59 and hydrogen peroxide 15 are published. In the following 
paragraphs are given brief special comments on some peroxides. 

Hydrogen Peroxide (m.p. — 89°C). 15 Aqueous 30% H.O, is relatively stable. Before 
handling 60%-100% H 2 0 2 , detailed precautions, 255 257 a brief review. 258 and also handling 
instructions from suppliers should be read. Pertinent precautions are summarized as follows. 

Mixing 35% H 2 0 2 with an organic substance may lead to an explosive mixture. 15 
When the mixture is separated in two phases, each phase may be over the explosive limit. 
Hence the reactions should be conducted with lower contents of H-,0-,, e.g., < 10% (<3 M) 
H 2 0 2 . 

Anhydrous ethereal solutions of H 2 0 2 are prepared by dehydration with 
Na : S0 4 + MgCOj, 259 and an anhydrous /-BuOH solution is likewise obtained for 30% 
H : 6 2 and /-BuOH (1:4) using Na 2 S0 4 and CuS0 4 . 6 

Peroxydisulfate Sails. Anhydrous ammonium, potassium, and sodium salts are stable 
at room temperature for a long time. The peroxide is hydrolized slowly in aqueous solutions; 
in the presence of sulfuric acid it is easily hydrolyzed to yield peroxymonosulfuric acid (Caro 
acid). 

t-Butyl Hydroperoxide (liquid, flash point 36 C). Commercial 70 and 90% /-BuOOH 
contain /-BuOH, water and sometimes /-Bu 2 0 2 . The contamination of /-Bu 2 0 2 is 
dangerous, when products are to be distilled (aqueous /-BuOOH is free of /-Bu 2 0 2 ). 
Aqueous 70% /-BuOOH is dehydrated by azeotropic distillation from benzene or dichloro- 
ethane solutions (70% /-BuOOH: Cl —CH 2 CH 2 C1 = 10:17 vol). /-BuOOH is purified by 
vacuum fractionation behind a safety shield. 260 Special precautions for handling /-BuOOH 
are as follows: 

a. Never add a strong acid (even a drop) to concentrated /-BuOOH. 

b. Never work with over 95% peroxide. 

Cumene Hydroperoxide (liquid, flash point 54°C). Commercial 70% hydroperoxide 
includes cumene, acetophenone, and water. The peroxide is widely used as a curing agent 
and an initiator for radical reactions, but it is not appropriate for general preparative 
oxidations because product isolations are less easy than with /-BuOOH. 

Peracid. m-Chloroperbenzoic acid (>85% pure) is available commercially, and stable 
at room temperature. Perbenzoic acids are prepared by the reaction of benzoyl chlorides or 
peroxides with alkaline H 2 0 2 . 261 or benzoic acid with 70% H 2 0 2 in methanesulfonic 
acid. 262 

Commercial peracetic acid ( <40% solution) decomposes gradually during storage even 
in a refrigerator. The peracid obtained via autoxidation of acetaldehyde is free of sulfuric acid 
or water. 263 Trifluoroperacetic acid is prepared from the anhydride with 90% H 2 0 2 . 258 
Preparations of peracids are reviewed. 61264 Peracetic acid may often contain or produce 
acetyl peroxide, which is a violent explosive. 265 

Peresters. /-Butyl perbenzoate (neat or 50% solution) and peracetate (50%-75% 
solution) are available commercially. Peresters are easily prepared by adding /-BuOOH to a 
stirred mixture of acyl chloride and pyridine in inert solvents. 266 

Diacyl Peroxides. Benzoyl peroxide (m.p. 107°C) of over 98% purity is available com¬ 
mercially. Substituted benzoyl peroxides are easily synthesized from aroyl chlorides and 
Na,0,. 267 
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Acetyl peroxide (m.p. 30°C) is available as 25% solution in dimethyl phthalate. which 
may precipitate explosive crystals on overcooling. Various diacyl peroxides are prepared by 
addition of acyl chloride to a mixture of 30% H 2 0 2 and pyridine.' 68 

Peroxydicarbonates , 269 Dialkoxyperoxydicarbonates are unstable at room temperature 
and should be stored in a refrigerator. Diisopropoxyperoxvdicarbonate is the most general 
one available as solid (m.p. 8-10°C) or as 50% solution. This is one of the most dangerous 
peroxides. 42 ' 255,268 

Dialkyl Peroxides. Dicumyl and di-r-butyl peroxides are available neat, but 
applications for synthesis are rare because of their poor reactivity. 

Shock sensitivities of peroxides are especially high for solid, so that one should be careful 
of solvent evaporation or overcooling. r-BuOOH, PhCMe : OOH. PhC0 3 -r-Bu, and r-Bu,0 
are not shock sensitive, while (MeCOO-), and (PhCOO), are. -54 ' 255 " 69 


4.3. General Procedures 


4.3.1. General Precautions 

Safety handlings of peroxides are reviewed and summarized in detail for organic 
peroxides overall, 253 H 2 0 2 , 255 t-BuOOH, 116 and peracids. 270 Additional precautions for 
general workup are summarized as follows: 

a. Peroxides are explosive and should be handled carefully. A safety shield or a vent for 
gas are essential. 

b. Peroxidic solutions of less than 5% active oxygen are generally safe.' 71 

c. An attempted reaction should be conducted possibly on a very small scale. Any scale 
up from the reported one is dangerous in some cases due to uncontrolable reaction 
temperature rise. 

d. The remaining peroxides after the reaction should be reduced until negative for 
peroxide test (iodometry). Also avoid accumulation of peroxide during the reaction. 


4.3.2. Catalysts and Solvents 

In organic solvents, some metal catalysts are made soluble by using ligands such as CO, 
acetylacetonate (acac). acetate (AcO), etc., which are available commercially. 0s0 4 and 
Se0 2 are highly toxic. The other heavy metallic ions may be more or less toxic. 

Reactions using H 2 0 2 are generally carried out in water soluble solvents such as 
alcohols and acetonitrile. Acetone is inappropriate because of the formation of explosive 
peroxides. Ethers (including tetrahydrofuran) and dimethyl sulfoxide are not suitable, since 
they may be oxidized. 

Suitable solvents are those of unreactive nature; e.g., acetonitrile, benzene, 
dichloromethane. or dichloroethane. Alcohols or ethers cannot be used for the redox reac¬ 
tions involving radicals. DMF is not appropriate since it interacts with metals. Thus the 
choice of solvents depends on the reactions. 

4.3.3. Work-up Procedures 

Remaining peroxides should be decomposed before product isolation after estimating it 
iodometrically. Water soluble peroxides, e.g., H 2 0 2 , S 2 O g 2- , and peracetic acid are easily 
washed out with water. H 2 0 2 may be decomposed catalytically by platinum oxide' 7 ' or 
catalase. 273 
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Generally, reductions of peroxides in organic solvents are carried out by shaking with 
aqueous NaHSO,, Na 2 S0 3 , or FeS0 4 . These reducing agents should be added separately in 
small portions, since the reduction may proceed exothermally. 

Peracids are conveniently reduced by adding dimethyl sulfoxide (DMSO). Some 
problems remain for peroxides which are not easily reduced, e.g., ;-Bu 2 0 ; . Perester is 
reduced with KI in AcOH 274 or decomposed by repeated hydrolysis with 2N NaOH. 275 
Decomposition of easily reducible peroxides is also possible only by passing over alumina, 276 
basic ion-exchange resins, 277 or zeolite columns. 278 


4.3.4. Analysis of Peroxides 

Analyses of peroxides are performed by chemical (i.e., the reduction with iodide or 
arsenite, etc.) and physical methods (e.g., GLC, ir, polarography, etc.). 279 lodometric 
titrations are the most general ones, their conditions depending on the reactivity of 
peroxides. For example, rapidly reducible peroxides such as peracids, H 2 0 2 , hydroperoxides, 
diacyl peroxides, and peroxydicarbonates are refluxed with Nal in AcOH-/-PrOH (1:10). 280 
Peroxydisulfates are determined after 5 min standing in 10% KI-H 2 0-Ac0H. 281 Dialkyl 
peroxides may be analyzed by GLC. 282 


4.4. Typical Procedures 

Some of the typical experimental procedures using peroxides are shown in the following 
paragraphs. Also the reactions described in Organic Syntheses are included at the end only 
by their subjects. Reference pages are indicated at the end of subjects. 


Experiment 1: NiBr 2 -Catalyzed Oxidations of Alcohols to Carbonyl Compounds by Ben¬ 
zoyl Peroxide. 15 * 

PhCH 2 CHPhOH + (PhCOO-), ■■■ ?*? PhCHXOPh + 2PhCOOH 

A homogeneous solution of 1,2-diphenylethanol (1.98 g, 12.7 mmol), and either 
anhydrous NiBr, or the more soluble NiBr 2 -l,2-dimethoxyethane complex (2.6 mmol) in 
20 ml of anhydrous acetonitrile is heated at 60°C for 24 h. The reaction solution is then 
cooled and aqueous KI is added to decompose excess peroxide. Following extraction with 
ether, subsequent acid and base washings of the ether solution, and solvent removal, 
2-phenyiacetophenone is obtained as the sole product (1.84 g, 9.40 mmol, 94%). 
Analogously, other secondary alcohols are converted to the ketones (85%—95% yield) and 
primary alcohols to the aldehydes (58%—96% yield) and esters. NiBr ; is quantitatively 
recovered. 


Experiment 2: Ag*-Catalyzed Peroxydisulfate Oxidation of 4-Phenylbutan-l-oI to 
4- Phenvltetrahydrofuran . 72 


C 6 H 5 -(CH 2 ) 4 OH + Na 2 S 2 O l 


AgNOj/Cu(OAc)2 


C„H 



+ 2 NaHSO, 


A solution of 4-phenylbutan-l-ol (0.03 mol), AgN0 3 (0.005 mol), and Cu(OAc) 2 
(0.002 mol) in water (10 ml) and CH 3 CN (10 ml), vigorously stirred and refluxed, was 
slowly added with aqueous Na 2 S 2 O g (0.02 mol) in water (10 ml). 


* With permission of the American Chemical Society. 
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Stirring and refluxing were continued for a further 4 h. The mixture was diluted with 
water after cooling and extracted three times with ether. After removal of the solvents under 
vacuum, a crude oil (3.96 g, 88%) was analyzed by GLC using a column packed with 10% 
Carbowax 20M on Chromosorb W DMCS, 80-100 mesh. After recovering 4-phenylbutan- 
l-ol (62.5%), there is obtained 2-phenyitetrahydrofuran (37.5%) based on converted 
alcohol, 2-Phenyltetrahydrofuran was isolated on a silica gel column using hexane- 
CH 3 C0 2 Et (8:2) as an eluant. 

Experiment 3: Oxidation of Methacrolein to Methacrvlic Acid with H^OJScO^ 
[Eq. (35)]. 78 * 


CH 2 = C(CHj)CHO + H 2 0 2 Se ° - ' > CH 2 = C(CHj)CO,H + h 2 o 


Caution: Selenium dioxide is toxic and 90% H 2 0 2 is explosive on contract with iron 
etc. 

A solution of 5 g of selenium dioxide in 350 g of r-BuOH was combined with 105 g 
(1.5 mol) of methacrolein and stirred while 38 g (1.0 mol) of 90% H 2 0 2 was added 
dropwise in 17 min. Cooling was applied to keep the temperature at 60°C. After 1.5 h a 
titration indicated that 0.95 equivalents of metacrylic acid had been generated. The product 
was stripped of all volatile material by warming in a water bath at 55-60°C (80 mm) and 
finally at 75°C (1 mm). This left 11 g of red residue and took overhead 484 g of distillate 
containing 0.937 equivalents of acid. A 434-g portion of the distillate was redistilled through 
a small helically column having four copper wires running through the packing for the length 
of the column to act as a polymerization inhibitor. A piece of copper wire was also suspen¬ 
ded in the stillhead. After the alcohol and a small intermediate cut of 4.5 g, methacrylic acid 
(43.5 g) was collected at 69-71°C. 

Experiment 4: Preparation of Dimethyl Dodecane-1 . 12-dioate from Cyclohexanone with 
H-i O-JFeSOJMeOH . 19ct 

9 MeO OOH 


MeOH + 


+ H,Q, 


— H.O 


- MeOOC(CH 2 ), 0 COOMe 

5 mol), and concentrated H 2 S0 4 
(20 g, ca. 0.2 mol) are mixed in a vessel at 5°C and stirred. Aqueous 35% H 2 0 2 (580 g 
H 2 0 2 , 6 mol) was gradually introduced while keeping the temperature at 5°C, and stirred 
for a further 10 min to form methoxycyclohexyl hydroperoxide. 

In another vessel were placed methanol (1,760 g, 55 mol) and FeS0 4 -7H 2 0 ( 2,000 g, 
7.2 mol) at 10°C after replacing the internal air with nitrogen. The methanolic peroxide 
solution was introduced while stirring slowly into the methanolic FeS0 4 solution. The tem¬ 
perature rose to 42°C during further stirring until the completion of the reaction. 

After recovery of methanol (4,710 g) by distillation, the dark brown residue (3,380 g) 
was separated into two layers; the upper layer contains ester and the lower layer contains 
iron salts. 

* With permission of the American Chemical Society. 
f With permission of Professor S. Tsutsumi. 


MeO. OOH 


0 


MeO O 


-Fe J *, -HO 


Methanol (3,200 g, 100 mol), cyclohexanone (490 g. 
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The upper layer was washed with water, dried, and afforded dimethvldodecane- 
1,12-dioate (70% yield by GLC analysis!. The crude product consisted of 9.3% dimethyl- 
dodecane-1.12-dioate (b.p. 180-200°C/2 mm Hg) and 8.7% methyl oxycaproate (b.p. 
120-130°C/2 mm Hg). 

Mo(CO) 6 . i>6 * 


CH,(CH 2 ) V CH = CH 2 +/-BuOOH ■ M ° (CQl ' . CH,(CH ; ) V CH -CH 2 + /-BuOH 


O 

A 2-liter, three-necked round-bottomed flask is equipped with a Teflon coated magnetic 
stirring bar, a reflux condenser, a 500-mi dropping funnel, and a nitrogen inlet. Ail glassware 
was dried in an oven, and the system flushed with nitrogen. The flask is charged with 1 liter 
of reagent-grade 1,2-dichloroethane, 146.14 g (1.00 mol) of 1-decene (95%), 0.668 g 
(0.0025 mol, 0.25 mol%) of Mo(CO) 6 , and 1.0 g (0.007 mol) of anhydrous Na 2 HP0 4 
freshly ground into powder. The dropping funnel is charged with 490 ml (ca. 2 mol) of a 
solution of anhydrous /-BuOOH in dichloroethane. The stirrer is started, and the reaction 
mixture is brought to a gentle reflux. Dropwise addition of the /-BuOOH solution is started 
and then the source of heat is removed from the reaction vessel. The /-BuOOH solution is 
added to the stirred mixture at a rate which is sufficient to maintain reflux. The addition 
requires ca. 0.5 h. When the addition is complete, heat is reapplied and refluxing is continued 
until the olefin is consumed (monitor by GLC. TLC, or other appropriate methods). In the 
present experiment with 1-decene, this required ca. 10 h at reflux (GLC revealed <1% 
olefin). 

The reaction vessel is then cooled in an ice bath and 300 ml (ca. 0.24 mol) of fresh 10% 
Na 2 S0 3 is added dropwise while stirring. When addition is complete, the ice bath is removed 
and stirring is continued for 3 h. At this point the organic phase should give a negative 
peroxide test using acidified starch-iodide test paper. If the test is positive, additional 
aqueous sulfite solution should be added and stirring continued. The aqueous and organic 
phases are separated, and the organic layer is washed twice with 250-ml portions of water, 
once with 250 ml of brine, dried (MgS0 4 ), and concentrated to afford oil. Distillation of this 
oil afforded 137.4 g (center cut, b.p. 52-54°C/l mm) of 1-decene oxide which was 98% pure 
by GLC analysis (therefore, 86% yield). 

Other isolated olefins can also be epoxidized in 85 %-95 % yields. 

Experiment 6: Regioselective Epoxidation of Geraniol with t-BuOOH/VO-f acacj 2 
[Eq. (42)]. ,17t 


CH, 


(CH 3 ) 2 C = CHCH 2 CH 2 C = CH 


+ /-BuOOH 


CH,OH 


CHj 

., I 

-^ (CH 3 )X = CHCH,CH,C-C-H + /-BuOH 

‘ * \ /I 

O CH,OH 

To a solution of pure (£)-geraniol (20 g, 0.129 mol) and of vanadyl acetyl-acetonate 
(0.5 g, 0.0018 mol) in 150 ml of refluxing benzene was added, dropwise over a period of 


* With permission of Aldrich Chemical Co. 

1 With permission of the American Chemical Society. 
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20 min, 17.6 g (0.142 mol) of 72.5% /-BuOOH. The initially colorless solution of geraniol in 
benzene turned bright green upon addition of the Vo(acac),. The color faded as the reflux 
temperature was approached and then turned deep red as the r-BuOOH was added. The 
reaction was monitored by TLC and judged complete after 4 h reflux. During this time the 
deep red color turns to yellow and then to light green. If the organic phase is washed at this 
point with aqueous NaHSO, and concentrated, the desired epoxy alcohol is obtained in 
98% yield. Since this epoxy alcohol decomposed upon attempted distillation, it was 
acetyiated to obtain a pure product. 

The reaction mixture was cooled to 25°C and a solution of 50 ml of acetic anhydride in 
70 ml of pyridine was added. After stirring for 6 h the resulting solution was poured onto ice 
and then washed sequentially with water, 1 N HC1, NaHS0 3 , dried over MgS0 4 , and con¬ 
centrated to give 33.7 g of crude epoxy acetate. Distillation afforded 25.2 g (93%) of 
2,3-epoxygeranyl acetate, b.p. 104-106°C (0.025 mm), which contains only 2% of its isomer. 
6,7-epoxygeranyl acetate. 

Experiment 7: cis-Dihydroxylation of Olefins with t-BuOOH/OsOi [Eq. (44)]. 130 * 


R R' R R' 

\ / 0 , 0 , \ / 

C = C +/-BuOOH-—-► C-C + /-BuOH 

/ v H20.EUN0H / | I v 


H H 


H OH OHH 


Caution : Osmium tetroxide is highly toxic. 

A 500-ml one-necked round-bottomed flask was charged with 200 ml of /-BuOH, 15 ml 
of 10% aqueous Et 4 NOH (ca. 10 mol), and 100 mmol of olefin. This solution was cooled to 
ca. 0°C by stirring in an ice-salt bath, and 18 ml (ca. 160 mmol) of 90% /-BuOOH was 
added, followed by 10 ml of 0.5% Os0 4 in /-BuOH (ca. 0.2 mmol). The resulting brownish 
purple solution was stirred for 2 h at 0°C then stored in a refrigerator (0-5°C) overnight. At 
this point the solution was either pale yellow or colorless, and 100 ml of 5% aqueous 
NaHSOj was added and the mixture was allowed to warm to room temperature while 
stirring. This mixture was concentrated on a rotary evaporator to remove most of the 
/-BuOH and water, and the residue was extracted with ether. 

The organic extract was washed with saturated brine, dried (MgS0 4 ), and concentrated 
to afford the crude c/s-diol (50%-70%). Purification was effected either by distillation or 
recrystallization. 

Experiment8: Pd(OAc) 2 -Catalvzed H-,0 2 Oxidation of a-Olefins to Methyl Ketones 
[Eq. (46)]. ,36t 


RCH = CH; + H : 0 ; Pd - ° - cl; ■ rcoch 3 + h : o 

Olefins such as 1-octene were passed through a column containing active alumina to 
remove peroxide impurities and distilled before use. Olefins, glacial acetic acid, and 
PdfOAc), were placed in a three-necked 1-liter thermostated glass reactor. The ratio of 30% 
H,0,:01efin: Pd(OAc), was 5:1:1 The reactor was equipped with a magnetic stirrer, a 
condenser, and a 100-ml glass funnel (for instroduction of H,0,) and connected through a 
gas counter (for the evaluation of O, evolution) to the atmosphere. H,0, solution was 
introduced dropwise into the mixture of olefin, solvent, and catalyst during 30 min at the 
reaction temperature of 80°C. The reaction was complete after 6 h. 

Then the mixture was cooled and water was added. The yellow upper layer containing 


* With permission of the American Chemical Society. 

* With permission of the American Chemical Society. 
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the cataiyst was separated and passed through a column of alumina in order to eliminate the 
catalyst and distilled under reduced pressure. 

The yields of methyl ketones (e.g., 2-octanone) were 75 %—95 % based on the consumed 
olefins by GLC using a column of DEGS 10% on Chromosorb WHP 80-100 with 
o-dichlorobenzene as an internal standard. 


Experiment 9: Benzovloxvlation of p-XvIene with Benzovl Peroxide/CuCL 
[Eq. (18)]. 35b * 

C Hj -@-CH j + (C 6 H 5 COO-) 2 CH,-(Q^CH, + C 6 H 5 COOH 

oco 6 h 5 

CuCl 2 (2.01 g, 0.015 mol) and CuCl (0.099 g, 1 mmol) were quickly weighed and dis¬ 
solved in acetonitrile (550 ml) while heating and stirring. p-Xylene (106 g, 1 mol) was added, 
and the mixture (in a 1-liter flask equipped with stirrer, condenser, thermometer, gas inlet, 
and addition funnel) immersed in a constant temperature bath at 60°C. After temperature 
equilibration under nitrogen, benzoyl peroxide (12.1 g, 0.05 mol) in acetonitrile (150 ml) was 
added all at once, resulting in a temporary decrease in temperature. Peroxide, detected by 
iodometry, has disappeared after 24 h. After addition to ice (400 g (/concentrated HC1 
(100 ml), the separated organic layer was washed with saturated Na : C0 3 (3 x 200 ml) and 
water (200 ml). It was concentrated on a rotary evaporator. Distillation of the residue 
yielded a clear yellow liquid, b.p. 93-115°C/0.15 mm, which partially solidified on standing. 
Recrystallization from petroleum ether gave colorless crystals: 2.69 g (24%); m.p. 60-61°C. 


Experiment 10: Oxidation of Hexamethylenediamine to Dialdoxime with H^O-JNai W0 4 
[Eqs. (26) and (57a)]. 215 f 


H 2 N(CH 2 ) 6 NH 2 + 4H 2 0 2 - N ‘ ?wo, . HON = CH(CH 2 ) 4 CH = NOH + 4H 2 0 

To a stirred mixture of hexamethylenediamine (58 g) and Na 2 W0 4 (1.66 g) in water 
(145 ml) was added dropwise 29% H 2 0 2 (244 g) at 15°C. The reaction for 3 h gave a 
precipitate of hexane-dialdoxime, which was filtered, washed with water, and dried to yield 
the dialdoxime (60%); m.p. 168°C (crystallized from 2 N AcOH). 


Experiment 11: Oxidation of Aniline to Azoxybenzene with t-BuOOH/Ti 4 * , 219§ 

2C 6 H 5 NH, + 3/-BuOOH . C 6 H 5 NO = NC 6 H 5 + 3r-BuOH 

123 g (1 mol) of 73% /-BuOOH was added dropwise during 30 min to a stirred mixture 
of aniline (93 g, 1 mol) and tetrastearyl-tetratitanate (1 g) at 70°C. After 15 h stirring at 
70°C, iodometric titration indicated the complete consumption of peroxide. 

Vacuum distillation (20-0.5 mm Hg) afforded r-BuOH, unreacted aniline, and finally 
65.6 g (92%) of azoxybenzene, b.p. 121-140°C (0.5 mm), m.p. 36°C. 

* With permission of the American Chemical Society. 
f With permission of Verlag Chemie. 
i With permission of Verlag Chemie. 
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Experiment 12: t-Butvlalion of ' 4-Cvanopvridine with Pivalic Acid!(NH 4 ) AgNO^ 

[Eq. (64)].‘ J7 * 


CN 


N 


CN 


+ (CH 3 ) 3 CCO,H <nh.),s,o, a 8 no, 


N 


C(CH 3 ) 3 


CN 



C(CH 3 ) 


+ (CH 3 ) 3 C n 


To a solution of 4-cyanopyridine (0.1 mol) AgN0 3 (0.01 mol), pivalic acid (0.5 mol), 
and H 2 S0 4 (0.3 mol) in water (300 ml), heated at 70°C was added, with stirring over a 
period of 10 min, a saturated aqueous (NH 4 ) 2 S 2 0 8 (0.1 mol) solution. After the evolution of 
C0 2 ceased, stirring and heating were continued for an additional 20 min. Then the solution 
was poured onto ice and the resultant mixture was treated with aqueous ammonia, and 
extracted with chloroform. The extract was dried with CaCK, the solvent removed, and the 
residue analyzed by GLC. 

Conversion was 95% and products were 2-f-butyl-4-cyanopyridine (85%) and 2,6-di- 
r-buryl-4-cyanopuridine (13%). 


Experiment 13: Acylation of Protonated Heteroaromatic Bases with Aldehydes / 
t-Bu00H/FeSO 4 . Acylation of Quinoxaline. 239 * 7 



+ RCHO + t-BuOOH 


FeSO, 

H,SO, 


^COR 


+ f-BuOH 4- HjO 


Aldehydes Soluble in Water. Saturated aqueous solutions of FeS0 4 (0.06 mol) and 
f-BuOOH (0.06 mol) are simultaneously added dropwise to a stirred and cooled (5-15°C) 
mixture of aldehyde (0.06 mol), heteroaromatic base (0.02 mol), and 4 M H : S0 4 (0.02 mol). 
The mixture is then stirred for a further 10 min, neutralized, and extracted with ether. The 
reaction product is often insoluble in the reaction medium before neutralization and can be 
collected by direct filtration. 

Aldehydes Insoluble in Water. The conditions are essentially the same, but glacial acetic 
acid (20-40 ml) is added in order to bring the aldehyde into solution. Again, precipitation of 
the reaction product may occur spontaneously or upon addition of water to the reaction 
mixture. 

2-Acylations of quinoxaline are performed with acetaldehyde (70%), 2-furaldehyde 
(51%), and benzaldehyde (55%). 

The experimental procedures on allylic oxidation of cyclohexene with 
PhCOOO/-bu/CuBr, 168 7-butoxylation of norbornadiene with the same reagent, 171 
i-butoxylation of 2-bromothiopene Grignard reagent, 274 oxidation of tertamine to N-oxide 
with r-buOOH/VO(ACAC) 2 2M and dimerisation of /-BuX (X = OH, COOH, CN, NH : ) 
with H.O^/FeSOj 245 are given in detail in Organic Synthesis. 
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* With permission of Pergamon Press. 

' With permission of the Royal Society of Chemistry. 
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Appendix: Oxidations of Organic 
Compounds Leading to Specific Oxidation 
Products 


Examples of procedures, which are described in detail at the end of each chapter, have been 
collected in the following table. Organic compounds are listed vertically, oxidation products 
horizontally. On the cross sections one can find the page number(s) referring to the 
experimental procedures. When two or more procedures are available, the reader can make a 
proper selection. Superscript numbers (e.g., 1 ) refer to the extended lists of pages given in the 
footnotes. 
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Acenaphthene 

to acenaphthenone. 57 
to acenaphthenequinone, 57. 297 
to 1-acetoxyacenaphthene. 757 
Acenaphthenequinone, from acenaphthene, 57, 297 
Acenaphthenone. from acenaphthene, 57 
Acetaldehyde 

from alcohol using cerium IV, 577 
from ethylene, 471 
from lactic acid. 820 

Acetaldehyde dialkylacetal. from ethylene, 475 
Acetals, from alcohols with PdCU. 496 
Acetic anhydride 
to acetoxyacetic acid, 306 
to succinic anhydride, 306 
Acetone 

to cr-acetoxyacetone, 786 

to a.a'-diacetoxyacetone, 786 

from 2.3-dimethylbutane-2,3-diol, 820 

to 2,5-hexanedione, 306 

from 2-methyl-2-hydroxypropionic acid. 820 

from ptnacol. 780 

from 2-propanol, 776 

Acetone p-bromophenylhydrazone. to 2-(p-bromo- 
phenylaxo)-2-acetoxypropane, 801 
Acetone phenyihydrazone 
to 2-acetoxy-2-phenylazopropane, 806 
to 2-phenylazo-2-acetoxypropane. 801 
2-Acetonyl-cyciohexanone, from isopropenyl- 

acetate. cyclohexanone, and Mn(OAc),, 311 
Acetophenone 

from acetophenone benzoylhydrazone, 397 
to cr-acetoxyacetophenone, 786 
from ethylbenzene. 858 
to methyl phenyiacetate, 715 
from 2-phenylpropionaldehyde. 429 
from styrene. 853 
Acetophenones 

to methyl a-methoxyarylacetates, 717 
to a-nitrato ketones, using TI(N0 3 ) 3 , 718 
oxidation of, with T1(N0 3 ) 3 , 733 
Acetophenone benzoylhydrazone, to acetophenone, 
397 

1-Acetoxyacenaphthene. from acenaphthene, 757 
Acetoxyacetic acid, from acetic anhydride, 306 
a-Acetoxyacetone, from acetone. 786 
a-Acetoxyacetophenone. from acetophenone, 786 


(3-Acetoxyacrylic acid, from ethene, 494 
Acetoxybenzylphenyl ketone, from benzylphenyl 
ketone, 786 

1- Acetoxy-2-butanone, from methyl ethyl ketone. 

786 

a-Acetoxybutyrophenone. from butyrophenone. 786 
7-Acetoxycholesteryl acetate, from choiesteryl 
acetate. 801 

a-Acetoxycycloheptanone, from cycloheptanone, 

786 

a-Acetoxycyclohexanone. from cyclohexanone. 786 

2- Acetoxycyclohexanone. from cyclohexanone. 805 

3- Acetoxycyclohexene. from cyclohexene. 747 
a-Acetoxycyciopentanone. from cyclopentanone. 

786 

3a-Acetoxy-4,4-dimethyl-5a-androstan-2-one. from 
4,4-dimethvl-5a-androstan-2-one. 786 
2-Acetoxy-2.6-dimethylcyclohexa-3,5-dienone. 
from 2,6-xylenol. 821 

2-Acetoxy-1.2-diphenylethanones. from a-phenyl- 
cinnamic acids. 293 

Acetoxylation of carbonyl compounds by LTA. 786 
9,10-bis(Acetoxymethyl)anthracene. from 9,10- 
dimethylanthracene. 757 

Acetoxymethylenephenylsulfide, from thioanisoie 
using Mn(OAc) 3 , 292 

l-Acetoxy-2-methylnaphthalene. from 2-methyl- 
naphthalene. 297 

1- Acetoxy-6-methoxytetralin. from 6-methoxy- 

tetralin, 757, 802 

170-Acetoxy-3-oxo-5a-androst-l-ene. to 170- 

hydroxy- 1,3-seco-2-nor-5a-androstane-1,3- 
dioic acid, 466 

9-Acetoxyphenanthrene, from phenanthrene, 297 

2- Acetoxy-2-phenylazopropane, from acetone phen¬ 

yihydrazone, 806 

cis-2-Acetoxy-1 -phenylcyclohexanol, from 1-phen- 
ylcyclohexene, 824 

l-Acetoxy-2-phenyl-2-propanol. from a-methyl- 
styrene. 824 

l-Acetoxy-2-phenyipropan-2-ol, from 2-phenylpro- 
pene, 824 

ds-2-Acetoxy-pin-3-ene, from a-pinene, 749 
30-Acetoxy-5a-pregnane-l 1,12-dione, to 30.21- 
diacetoxy-5a-pregnane-11,20-dione. 786 
17-Acetoxytesterone. to A-nor-2a-methoxycar- 
bonyl-3-androstan-170-yl acetate, 733 
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1- Aceioxytetralin. from tetralin. 757 

2- Acetoxy-a-tetralone. from a-tetralone. 786 
2-Acctoxy-2.4.6-tri-/-buiylcvclohexa-3,5-dienone. 

from 2.4,6-tri-r-butylphenoi. 804 
4-Acetoxy-2.4.6-tri-r-butyicyclohexa-2.5-dienone. 
from 2.4.6-tri-r-butylphenoi. 804 

1- (4-Acetoxy-2.6.6-trimethyl-2-cyclohexen-l-yl)- 

2(EUbuten-l-one. preparation of. 237 
A-Acetyl-A'-acvIhydrazones. from monosubstituted 
hydrazones. 800 
Acetylenes 

heterocyclic, oxidative coupling of, 426 
oxidative coupling of. 438-439 
Acetylenic ketones, from alkynes, 52 
/V-Acetyl-2-methyl piperidine, to A-acety 1-2-methyl- 
piperidone, 455 

A-Acetvl-2-methylpipendone. from A-acetyl-2- 
methylpiperidine. 455 

/?-( + )-A-Acetyl-2-phenylpyrrolidine. to R-( + )-N- 
acetyl-5-phenyl-2-pyrrolidone, 455 
A-Acetyl-2-phenylpyrroiidine. to A-acetyl-5-phenyl- 
2-pyrrolidinone. 466 

A-Acetyl-5-phenvl-2-pyrrolidinone. from A-acetyl- 
2-phenylpyrrolidine. 466 
/?-( + )-A-AcetyU5-phenyl-2-pyrrolidone. from R- 
H-)-A-acetyl-2-phenylpyrrolidine. 455 

Acids 

from benzyl ethers. 83 
dimerization of. 860 
from primary alcohols 
using PdS0 4 , 497 
using Ru0 4 , 450 

a./3-unsaturated, to carbonyl compounds, 476 
Acridine, to acridone, 591 
Acridone. from acridine. 591 
Acridones, from 2-aminobenzphenones. 291 
Acrolein, to acrylic acid, 849 
Acrylic acid 

from acrolein. 849 
from ally! alcohol. 378 
from ethene. 494 

Activated C-H bonds, hvdroxyiation of. 857 
Activated C-H-containing compounds, oxidation 
of, 409 

Acylazocarboxylates. to lactams. 224 
Acylbenzylcyanides, oxidation of, 428 
a-(Acylmethyl)-a.0-enones, from cyclobutanols. 
578 

Acyloins. from dialkyl acetylenes. 720 
Adamantan-2-ol. to 2-oxohomoadamantan-3-one. 
601 

2- Adamantanoi. to adamantanone. 577 
Adamantanone, from 2-adamantanol. 577 
cis- 2-( 1 -Adamantylaminoicyclohexanol. from 

cyciohexene. 682 
Adipaldehyde 
from cyciohexene, 458 
using Os0 4 /sodium periodate, 677 
from os-cyclohexane-1,2-diol. 384 
Adipic acid, from cyclohexane. 466 


Alcohol 

allyl 

to acrylic acid. 378 
to allyl aldehydes. 379 
cinnamyl. to cinnamic acid. 378 
furfuryl. to furfural. 379 
a-furfuryl. to a-furoic acid. 378 
propargyl. to propiolic acid. 378 
Alcohols 

to acetals with PdCU, 496 
acetylenic 

to carbonyl compounds. 379 
oxidation of in the presence of amines, using 
MnO;, 149 

a,(3-unsaturated. oxidation of. using MnO,, 

144 

to aldehydes 

using 2,2-bipyridinium chlorochromate, 78 
using chromylchloride. 73 
with PdCU, 496 

using pyridinium chlorochromate. 77 
alicyclic. cleavage of. using Ce(IV), 604 
aliphatic, cleavage of. using Ce(IV). 604 
allyl. from olefins. 851 
ally lie. oxidation of by PdCU. 476 
benzylic. oxidation of. using MnO,, 157 
benzylic. to carboxylic acids, 378 
to carbonates with CO and PdCU. 497 
to carbonyl compounds 
using PDC, 77, 104 
to carboxylic acids, using PDC, 77 
to chlorocarbonates with CO and PdCU. 497 
cinnamyl. to cinnamyl aldehydes. 379 
cyclopropane, nonconjugated. oxidation of. using 
MnO„ 142 
dimerization of, 860 
1,1-disubstituted or-allenic 
to a-allenic aldehydes, 379 
to a-allenic amides. 379 
to a-allenic ketones. 379 
heterocyclic, oxidation of. using MnO : . 167 
a-keto-. to carbonyl compounds. 379 
to ketones 

using 2.2-bipyridinium chlorochromate. 78 
using pyridinium chlorochromate, 77 
oxidation of, 378 
using Ce(IV), 604 
using Os0 4 , 647 

using pyridinium chlorochromate. 74 
oxidative cyclization of, 607 
phthalyl, oxidation of. using MnO,. 159 
primary 

a,(3-unsaturated. oxidation of. using Mn0 2 , 

128 

oxidation of, 380-381 
oxidation of. using chromic acid, 70 
to carbonyl compounds, 79 
primary to acids 
using PdS0 4 . 497 
using Ru0 4 , 450 
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Alcohols (com.) 
primary to aldehydes. 382 
using Ag 2 COv 507, 510-518 
using Ru 0 4 , 450 
primary to carboxylic acids. 378 
propargylic, oxidative cleavage of. using 
Ag 2 CO„ 556 

saturated aliphatic, oxidation of. using MnO,, 

169 

secondary 
to ketones. 382 
to ketones by PdS0 4 , 497 
to ketones, using Ag,CO,. 507, 520-523 
to ketones, using Ru0 4 . 450 
a,/3-unsaturated. oxidation of. using MnO,. 128. 
129 

secondary alkynic. oxidation of. using MnO,, 

146 

to tetrahydrofurans. using LTA. 802 
unsaturated, oxidative cleavage of. 378 
cis-unsaturated. oxidation of, using MnO,, 131 
irans-unsaturated. oxidation of. using MnO,, 131 
unsaturated steroid, oxidation of. using MnO,. 

153 

Aldazine bis-A-oxides. from aldoximes. 399 
Aldehyde. 4-Methy[pent-2.3-diene-i-ol. from 4- 
Methylpent-2.3-diene-l-ol. 379 
Aldehyde monohydrazones. oxidation of, 394 
Aldehydes 
from alcohols 
using chromylchloride. 73 
using 2.2-bipyridinium chlorochromate. 78 
using pyridinium chlorochromate. 77 
a-allenic. from 1.1-disubstituted a-allenic alco¬ 
hols. 379 

to methyl esters, using Ag,CO,. 545 
from a-olehns. 475 
oxidation of. using Os0 4 . 649 
with PdCI,. 496 
from primary alcohols, 382 
using Ag,CO,. 507. 510-518 
using Ru 0 4 . 450 
from semicarbazones, 722 
a./3-unsaturated. oxidation of. using MnO,. 143 
Alditols, synthesis of. 174 
Aldoximes. to aldazine bis-A-oxides. 399 
Alicyclic alcohols, oxidation of, 769 
Aliphatic C-H bonds, hydroxylation of. 856 
Aliphatic ketoximes, to a-nitroso-a-acetoxyalkanes. 
798 

Alkaloids, oxidation of. using MnO,. 157 
Alkanes, oxidation of. using C. 336 
Alkanols. primary, to tetrahydrofuran. 579 
Alkenes 

to cis-diols. 637. 672-676 
CM-hvdroxylation of. 672-676 
long chain, oxidation of. 459 
oxidation of. 676 

using chloramine-T/Os0 4 , 644 
using chromium oxidants. 61 


Alkenes (com.) 

to oxiranes. using chromyi acetate, 60 
oxyamination of. 642 , 643 
Alkoxybenzimidazolones, oxidation of, 590 
p-Alkoxycinnamic acids, to 2,6-diaryl-3,7-dioxabi- 
cyclo[3.3.0]octane-4,8-diones. 706 

3- Alkoxy-2,6-disubstituted benzoquinones. from 

2,6-disubstituted phenols. 430 
Alkyl aryl acetylenes, to methyl-a-alkylaryl- 
acetates. 720 

Alkyl benzenes, to aliphatic carboxylic acids. 461 
Alkyl ferrocenes. oxidation of. using MnO,. 202 

4- A!kyl-4-alkoxycyclohexa-2.5-dienones. from 

phenols. 735 

A-Aikyl-4-cyanopyndinium salts, oxidation of. 

585 

4-Alkyl-2.6-di-butylphenols 
to p-benzoquinones. 430 
to quinolideperoxides. 430 
2,5-Alkyl-1.4-dimethoxybenzens, oxidative demeth- 
ylation of. 588 

A- Alkyl-2,6-diphenyl-4-piperidone-3,5-dicarboxy lie 
esters, dehydrogenation of. 581 
4-Alkyl-4-methoxycyclohexa-2.5-dienones. from 4- 
alkylphenols. 726 
Alkylarenes. oxidation of. 619 
or-Alkylarylacetic ester, preparation of, 717 
Alkylarylacetylenes. to a-alkylary(acetates. 734 
a-Alkylarylacetylenes. from alkylarylacetylenes, 

734 

Alkylarylmethanols. oxidation of. using Ce(IV). 

606 

Alkylbenzenes. oxidation of 
using C, 336 

using aqueous sodium dichromate. 55 
using chromic acid, 54 
using chromyi acetate. 55 
using chromyi chloride. 56 

3- Alkylidene grisens. from grisen-3-ones. 458 
Alkylimidoosmium compounds, to amino alcohols. 

682 

4- Alkylphcnols. to 4-alkyl-4-methoxycyclohexa- 

2,5-dienones, 726 
Alkynes 

to acetylenic ketones. 52 
to carboxylic acids. 460 
to a-diketones. 460 
functionalized, to allenes. 596 
oxidation of. using Os0 4 . 645 
to substituted benzenes. 343 
Alkynoic esters, from 3-substituted 5-pyrazolones, 
using Tl(NO,) 3 . 720 

2-Alkynoic esters, from 5-pyrazolones. 734 
Allenes. from functionalized alkynes. 596 
Allenic esters, from 3.4-disubstituted 5-pyrazo¬ 
lones. 721 

Allyialcohol. to glycerol. 642 
Allyl aldehydes, from allyl alcohols. 379 
Altvl phenyl ether, to 3-hydroxvchromane. 713 
Allyl trimethvlsilyl ethers, epoxidation of. 17 
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2-Allyl-3-methyl-5.6-dimethoxybenzoquinone 
from 2.3.4,5-tetramethoxy-6-allyltoluene. 616- 
617 

from 2,3.4,5-tetramethoxy-6-geranyltoluene. 
616-617 

2-Allyl-3-methyl-l ,4-naphthoquinone, from 1.4- 
dimethoxy-2-allyl-3-mcthy (naphthalene. 
616-617 

Allylic C-H bonds, hydroxylation of. 857 
Amides 

a-allenic. from 1.1-disubstituted a-allenic alco¬ 
hols. 379 

substituted, to substituted imides by RuO„, 453 
a,/3-unsaturated. to carbonyl compounds. 476 
Amine oxides, from tertiary amines, 26 
Amines 

aliphatic, oxidation of. using Ag 3 C0 3 , 550 
aromatic, primary 
to azo compounds, 385 
to azo compounds, via LTA oxidation. 796 
dehydrogenation of, using Mn0 3 , 210 
dimerization of, 860 
to nitroxyl radicals. 858 
oxidation of. using MnCK. 204. 205 
primary, oxidation of. 391 
using MNOj. 207 
primary, to oximes. 858 
secondary, to nitrones, 858 
secondary, oxidation of, 393 
using MNOi, 207 
secondary, to hydroxylamines, 858 
secondary to tetrasubstituted hydrazines, 390 
tertiary, to formamides, 212 
tertiary, to Af-oxides. 858 
Amino alcohols, from alkylimidoosmium 
compounds. 682 

2-Aminobenzophenones, to acridones. 291 

1- Aminobenzotriazole, to benzyne, 409 
a-Aminoketones 

to a-diketones. 212 
to pyrazines. 212 

2- Aminomethyl-5-chloro-l-methyl-3-phenylindolc. 

to 7-chloro-1.3-dihydro-1 -methyl-5-phenyi- 
2H-1.4-benzodiazepin-2-one. 89 
Aminonitriles. to cyanoanils. 217 
o-Aminophenol, to o-quinonemonoanil. 545 
n-Amyl iodide, from n-hexanoic acid, 794 
a-Amyrin, to or-amyrone, 831 
a-Amyrone. from a-amyrin. 831 
Androst-4-ene-3-17-dione, from testosterone, 830 
Androstan-17-one, from pregnan-17a.2O0-diol. 519 
Androstan-3.17-dione, from 5a-androstan-3a-ol-17- 
one, 450 

5a-Androstan-3.17-dione. 5a-androstan-3-ol-17- 
one, 450 

5a-Androstan-3-ol-17-one. to 5a-androstan-3.17- 
dione. 450 

5a-Androstan-3a-ol-17-one. to 5a-androstan-3.17- 
dione. 450 


Androstane-30.5a.60-triol. oxidation of, 534 
5a-Androstane-40.170-diol 17-propionate, to 4- 
oxo-5a-androstan-170-ol propionate. 776 
5a-Androsiane-3(3.6/3-17/3-tnol 3.17-diacetate, from 
6-oxo-5a-androstane-3(3.17/3-diol. 3.170-ol- 
diacetate. 776 

Aniline, to azobenzene. 385 
Anilines 

to azobenzenes. 858 
using Ag 3 C0 3 , 551 
to benzoquinones. 88 
to nitrobenzenes. 859 

o-substituted. oxidative cyclization of, using 
Mn0 3 , 208 
Anisaldehyde 
from anisylalcohol. 832 
from p-methoxytoluene, 296 
Anisil. from anisoin, 826 
Anisoin. to anisil. 826 
Anisylalcohol. to anisaldehyde. 832 
Anthracene 

to anthraquinone. 296. 855 
to 9,10-anthraquinone. 14 
to cis- 9.10-diacetoxy-9.10-dihvdroanthracene. 
using LTA. 755 

to Irons- 9.10-diacetoxv-9.10-dihydroanthracene, 
using LTA, 755 
oxidation of. 639 

1.4.9.10- Anthradiquinone. from quinizarin. 616- 
617 

Anthraquinone 
from anthracene. 296, 855 
from anthrone, 591 

9.10- Anthraquinone 
from anthracene. 14 
formation of. 590 

Anthrone. to antraquinone. 591 
Aporphines. from benzyltetrahydroisoquinolines. 22 
D-Arabinose. from d-mannose. 780 
L-Arabinose. to L-glycerinaldehyde. 780 
Aromatic 1.2-amines, to m-muconitriles. 796 
Aromatic C-H bonds, hydroxylation of. 857 
Aromatic compounds 
dehydrodimerization of using TI(III), 697 
oxidative carboxymethylation of using 
Mn(OAc),. 287-288 
oxidative coupling of by Pd", 488 
Aromatic hydrocarbons, nitromethylation of. 289 
Aromatic hydroxylation, 855 
Aromatic methyl groups, oxidation of. 857 
Aromatic nuclei, destruction of by Ru0 4 , 461 
Aromatic rings, hydroxylation of, 857 
Aromatics, oxidative carbonylation of. 496 
Aryl malonaldehydic acid dimethyl acetals, from 
methyl cinnamate. 733 

u-Aryl n-alkanois. oxidation of. using TI(III). 706 
Aryl-1,2-diaminoimmidazoles, ring transformation 
of. 211 

Arylacetaldehydes. from styrenes, 712 
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Arylcyanoacetamides. oxidation of. 428 
Arylcyanoacetic esters, oxidation of. 428 
Arytcyclopropanes 
cleavage of. 620 
ring opening of. 593 
Aryldiazomethanes 
to cis-stilbenes, 586 
to mww-stilbenes. 586 

Aryldiazonium ions, from arylhydrazines. 797 
Arylhydrazines. to aryldiazonium ions. 797 
Arylmalondialdehyde tetramethyi acetals, from 
cinnamaidehydes, 715 

L-Ascorbic acid, from L-gulono-y-lactone. 849 
trans-Aurones. from 2'-hydroxychaicones. 292 
a-Azido-0-nitratoalkanes. synthesis of. 627 
Azines, oxidative cleavage of. using MnCK. 220 
Azirines. to 2-styrylindoles. 356 
Azo compounds 

from aromatic primary amines. 385 
from A.A/'-disubstituted hydrazines. 797 
from hydrazines, using Ag.CO,. 553 
from primary aromatic amines, via LTA oxida¬ 
tion. 796 
Azobenzene 

from aniline. 385 
from hydrazobenzene. 834 
Azobenzenes 
from anilines. 858 
using Ag 2 CO,. 551 

2,2’-Azobenzothiazole. from 2-hydrazinobenzothia- 
zole, 392 

Azopyrazoles. from 1.2-diketone bisphenylhydra- 
zone. 396 

Azoxybcnzene. from phenyihydroxylamine. 392 

Benz[a]anthracene. to benzanthraquinone. 297 
Benzaldehyde 
to benzoic acid. 384. 452 
from benzoin. 820 
from benzyl alcohol. 450. 465. 832 
from benzyl alcohol using Mn(OAc),. 290 
from cinnamic acid. 293 
from hydrobenzoin. 820 
from meso-hydrobenzoin. 832 
from mandeiic acid. 384, 820 
from toluene, 855 

Benzaldehyde benzoylhydrazone, oxidation of, 396 
Benzaldehyde oxime, to 3.5-diphenyl-1,2.4-oxadi- 
azoie, 562 

Benzaldehyde phenylhydrazone. oxidative C-C 
coupling of. 395 

Benzaniiide. from /V-benzoyl-A'-phenylhydroxyl- 
amine. 394 

Benzanilides, from benzylidine aniline. 92 
Benzanthraquinone. from benz|a]anthracene. 297 
Benzene 

to biphenyl, 489 
from cyclohexene. 477 


Benzene ( coni.) 
hydroxyiation of. 855 
to phenylacetate. 499 
Benzeneamine. to nitrobenzene. 12 
Benzenemethanols. oxidation of. using MnO,. 160 
Benzenes, substituted, from alkynes. 343 
Benzhydrol. to benzophenone. 72 
Benzhydryl acetate, from diphenylmethane. 757 
Benzil 

from benzoin, 776. 826 
from diphenylacetyiene. 460, 645. 686 
Benzil bishydrazone. to diphenylacetyiene. 395 
Benzil monohydrazone. oxidation of, 395 
Benzilic acid hydrazide. to benzophenone. 583 
Benzils 

from diaryl acetylenes. 720. 733 
Benzimidazoles, from N-benzylidine-o-phenylenedi- 
amines. 405 

Benzol bifuran, oxidation of. 483 
Benzoid acid 

from benzaldehyde. 384. 452 
from mandeiic acid. 384 
from phenylacetonitrile. 407 
from phenylacetylene, 686 
from toluene. 407 
Benzoin 

to benzaldehyde. 820 
to benzil. 776. 826 

Benzoins, splitting of, using Ce(IV), 608 
Benzonitrile 
from benzylamine. 385 
to 2-phenylpyridine. 361 
Benzophenone 
from benzhydrol. 72 
from benzil monohydrazone. 395 
from benzilic acid hydrazide. 583 
from benzophenone phenylhydrazone. 395 
from diphenylacetaldehyde, 429 
from diphenylglycolic acid. 820 
to diphenylmethane. 407 
from diphenylmethanol. 105 
Benzophenone hydrazone. to diphenyldiazo- 
methane. 394. 834 

Benzophenone phenylhydrazone. oxidation of. 395 
p-Benzoquinone. from 1.4-dimethoxybenzene. 616- 
617 

1,4-Benzoquinone 
from hydroquinone. 14 
from 4-hydroxybenzylalcohol. 822 
p-Benzoquinone. from hydroquinone. 616-617. 725 
Benzoquinones 
from anilines. 88 
from hydroquinones, 427 
oxygenation of phenols. 441 
from phenols. 364 

o-Benzoquinones, from catechols. 543 
using Ag.CO., 547 
p-Benzoquinones 

from 4-alkyl-2.6-dibutylphenois, 430 
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p-Benzoquinones (corn.) 
from hydroquinones. 543 
using A : CO,. 545 
from phenols. 725 

1,4-Benzoquinones. from hydroquinones. 364 
Benzothiazole. from 2-hydrazinobenzothiazole. 392 
2.2’-Benzothiazolyl. from 2-hydrazinobenzothia- 
zoie, 392 

Benzoxazoles. from o-(benzylideneamino)phenols. 
399 

/V-Benzoyl-A/-phenylhydroxylamme. to benzanilide. 
394 

o-Benzoylbenzoic acid, from 3-hvdroxyflavone, 437 
Benzoylhydrazones. oxidation of. 400-404 
Benzoylhydroxylamine. to iV.O-dibenzoyihydroxyl- 
amine, 394 

1- Benzoylindole. oxidation of. 490 
3-Benzoyloxy-l-butene, from 2-butene. 856 
Benzoyloxy-p-xylene. from p-xylene. 868 
7-Benzoyloxynorbomadiene. from norbomadiene, 

855 

Benzyl acetate, from phenylacetic acid using 
Mn(OAc),. 293 

Benzyl acetate, from toluene. 757 
Benzyl alcohol 

to benzaldehyde. 450. 465. 832 
to benzaldehyde. using Mn(OAc),. 290 
Benzyl alcohols, oxidation of, 601 
Benzylaldehvde, from benzyl alcohol. 465 
Benzylamine. to benzonitrile. 385 
iV-Benzylamines. to benzylidineanilines, 390 
Benzylchloride. from phenylacetic acid, 794 
•Benzyl ethers 
to acids. 83 
to esters. 83 
to ketones. 83 

Benzylacetate. from phenylacetic acid using 
Mn(OAc),. 293 

A/-Benzyl-3-ethylpiperidine. oxidation of. 456 
/V-Benzylhydroxylamine. to a-mtrosotoluene. 392 
Benzylic alcohols, primary, oxidation of. 577 
rMBenzylideneaminolphenols. to benzoxazoles. 399 
Benzylidine aniline, to benzanilides. 92 
/V-Benzylidine-o-phenylenediamines. to benzimida¬ 
zoles. 405 

Benzylidineanilines. from A/-benzylamines. 390 
A/-Benzylmorpholines. oxidation of by RuO„, 456 

2- Benzyloxy-2 ’ .4 ’-bisimethoxymethoxy )-4-me- 

thoxychalcone. to 2'-benzyloxy-7-hydroxy- 
4'-methoxyisoflavone. 732 
2'-Benzyloxy-7-hydroxy~4'-methoxyisoflavone. 
from 2 '-benzyloxy-2' .4 '-bis(methoxy- 
methoxy)-4-methoxychalcone. 732 
Benzylphenvl ketone, to acetoxybenzylphenyl 
ketone. 786 

Benzyltetrahydroisoquinolines. to aporphines. 22 
2-Benzvl-tetrahydrofuran. from 5-phenyl-l- 
pentanol. 769 

Benzyne. from l-aminobenzotriazole, 409 


Biacetyl bisbenzoylhydrazone. oxidation of. 397 
Biaryls, substituted, from p-methoxytoluene. 295 
Bibenzvls. cleavage of. 620 
9.9'-Bicarbazole. from carbazole. 390 
Bicyclo|x.y.z]alkan-2-ols. cleavage of. 578 
Bicyclohexyl-2.2'-dione. to cyclohexanone. 385 
( +l-(lS.5S)-Bicyclo[3.2.1 l]-2-octanone. from ( + )- 
(lS.4R)-2-methylenenorbomane. 731 
Bicyclo|4.2.0]ota-2.4-diene-7.8-diol. from cyclooc- 
tatetraene, 752 
Bifuryl, from furan. 489 
Bimesityl, from mesitylene, 593 
Biphenyl 

from benzene. 489 

from benzophenone phenylhydrazone, 395 
Bipyrazolines. from chalcone phenylhydrazones. 

395 

Bisazoalkenes. from 1.2-diketone bisphenylhydra- 
zone, 395 

1,3-Bis-(ct-diazobenzyl]benzene, preparation of. 

239 

1.2- Bis[2-fonnyi-propyl-(2)-]-benzene from cis- 

1.1,4.4-tetramethvltetraline-2.3-diol. 780 

1.5- Bis-(hydroxymethyl)cvclooctene. to l-formyl-5- 

(hydroxymethyl)cyclooctene. 141 
1.8-Bis-(hydroxymethyl)naphthalene. to 1-oxo- 
lH.3H-naphtho[I.8-cd]pyran. 140 

2.6- Bis-(3.4.5-trimethoxyphenyl)3.7-dioxabi- 

cyclo[3.3.0Joctane-4.8.dione. from 3,4.5- 
trimethoxycinnamic acid, 731 
Bishydrazones. to triazoles, 396 
Bisnor-S. from norbomadiene. 342 

1.2- Bisphenylazopropylene. from methylglyoxal 

bisphenylhydrazone. 396 

Bisphenylhydrazone. from glyoxal bisphenylhydra¬ 
zone. 396 

4.4’-Bitolyl, preparation of, 490 
Bitolyls. from toluene. 499 
Bleomycin A., from phleomycin A,. 409 
o-Bromobenzoic acid, from o-bromotoluene. 360 
E-2-Bromo-2'-nitrostilbene. 486 
2-(p-Bromophenylazo)-2-acetoxypropane. from 
acetone p-bromophenylhydrazone. 801 
o-Bromotoluene. to o-bromobenzoic acid. 360 
4-Bromoveratrole. to 2.2'-dibromo-4.4'.5.5'-tetra- 
methoxybiphenyl, 729 

l.l-Butadiynylenedicyclohexanol. from l-ethynyl- 
cyclohexanoi. 431 
Butanal, from 1-butanol. 776 

1- Butanol 

to butanal, 776 
to tetrahydrofuran. 769 

2- Butanone phenylhydrazone. to 2-phenylazo-2- 

acetoxybutane. 801 

2-Butene, to 3-benzoyioxy-1-butene. 856 
m-But-2-ene. oxidation of. 494 
rranj-But-2-ene. oxidation of. 494 
7-r-Butoxynorbomadiene. from norbomadiene. 

855 
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r-Butyl-acetoxymethylenephenyisulfide. from r- 
butyl-p-toiylsulfide. 292 

ar-2-(rerr-Butylamino)cyclohexanol. from cycio- 
hexene. 682 

2-rerr-Butylamino-l-phenyl cyclohexanol. from 1- 
phenylcyclohexene. 682 

r-Butylbenzoquinone. from r-butylhydroquinone. 
616-617 

2-r-Butylbenzoquinone 
from 2-r-butyl-4-methoxyphenol. 616-617 
from 3-r-butyl-4-dimethylaminophenol. 616-617 
from 3-r-butyl-4-methoxyphenol, 616-617 
r-Butyl-p-benzoquinone, from f-butyl-hydroquinone, 
427, 433 

4-r-Butyl-o-benzoquinone. from 4-r-butylcatechol. 
616-617 

Butyl butyrate, from /i-butyl ether. 452 
/-Butyl chloride, from n-valeric acid, 794 
n-Butyl chloride, from n-vateric acid. 794 
4-r-Butylcatechol. to 4-r-butyl-o-benzoquinone. 
616-617 

2- iso-Butylcyclopentanone, from isobutylene. 

cyclopentanone and Mn(OAc),. 310 
2.6-Butyi-p-cresol. to 2,6-di-r-butyl-4-hydroxy-4- 
methylcyclohexa-2.5-dienone, 436 

3- r-Butyl-4-dimethylaminophenol. to 2-r-butyl- 

benzoquinone, 616-617 
n-Butyl ether, to butyl butyrate. 452 
r-Butylhydroquinone 

to r-butylbenzoquinone. 616-617 
to r-butyl-p-benzoquinone. 433 
to 2-r-butyl-6-hydroxy-p-benzoquinone. 433 
2-r-Butyl-6-hydroxy-p-benzoquinone, from r-butyl¬ 
hydroquinone. 433 

2- r-Butyl-4-methoxyphenol. to 2-r-butylbenzoqui- 

none. 616-617 

3- r-Butyl-4-methoxyphenol. to 2-r-butylbenzoqui- 

none, 616-617 

r-Butylphenylketone. from r-butylphenylmethanoi. 
833 

r-Butylphenylmethanoi 

to r-butyiphenyiketone. 833 

oxidation of by triphenylbismuthcarbonate. 828 

2- r-Butyl-6-phenylphenol. to 3.3'-di-r-butyl-5,5'- 

diphenyldiphenoquinone. 433 

3- /err-Buty 1-3-phenyl propionic acid, to dimethyl- 

rerr-butyl-succinate, 465 
3-rerr-Buty l-3-( 1' ,2' .3' .4' -tetrahydro-5 '-naph¬ 
thyl Jpropionic acid, to dimethyl-rerr-butyl- 
succinate. 465 

r-Butyl-p-tolylsulfide, to r-butyl-acetoxymethylene- 
phenylsulfide. 292 

iso-Butyraldehyde. oxidative decarbonylation of. 
429 

/-Butyric acid, to /-propyl chloride. 794 
Butyric acid, to propene. 861 
Butyroin. to octane-4.5-dione. 826 
Butyrolactam to succinimide. 453 
Butyrolactone. from tetrahydrofuran. 452 


y-Butyrolactones. from oletins by oxidative addition 
of carboxylic acids. 266 

Butyrophenone. to a-acetoxybutyrophenone. 786 

CH-bonds. activated, acetoxyiation of. 855 
Camphene, reaction of. 749 
€-Caprolactone, from cyclohexanone. 849 
Carbazole 

to 9,9'-bicarbazole. 390 
to 9,3',9',9''-tetracarbazole. 390 
Carbazoles, oxidation of, using MnO.. 228 
Carboalkylation with carboaikoxymercury 
compounds. 500 
Carbohydrates 

degradation of. using Ag.CO,, 544 
oxidation of. using MnO.. 172 
regiospecific oxidation of. using Ag.CO,. 543 
l-Carbomethoxy-2-endo-carbomethoxybi- 

cyclo(2.2.2]octane-5.6-endodicarboxyiic 
acid, to dimethyl bicyclo[2.2.2]oct-5-ene- 
1 .exo-2-dicarboxylate. 805 
Carbonates, from alcohols and CO and PdCU, 497 
Carbonyl compounds 

from acetylenic alcohols. 379 
from alcohols, using PDC. 77, 104 
from a-ketoalcohois. 379 
oxidation of. 388-389 
using Ce(lV), 608 
from primary alcohols. 79 
from secondary alcohols. 79 
Carboxyl compounds, dethioacetaiization of. 602 
Carboxylic acid hydrazides 
hydrolysis of. 602 
oxidation of. 611 
Carboxylic acids 
from alcohols, using PDC. 77 
aliphatic, from alkyl benzenes. 461 
from alkynes, 460 
from benzylic alcohols. 378 
oxidative addition of. to olefins. 269 
from primary alcohols. 378. 380-381 
Cardenoiide steroids, glycosidation of, using 
Ag 2 COj. 561 

Carotenoid diophenols. oxidative ring contraction 
in, 187 

Carveol. to carvone. 103 
( —)-Carveol. to carvone. 832 
d-Carvomenthene. oxidation of by Mn(OAc),. 301 
Carvone 

from { —)-carveol. 832 
from carveol. 103 
Catechol 

oxidative cleavage of. 429 
to crs.c/j-muconic acid. 383 
to monomethyl c/s.m-muconate. 436 
Catechols 

to o-benzoquinones. 543 
using Ag.CO,. 547 
oxidative cleavage of. 441 
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Chaicone dimethyl acetal, to 2.3-diphenyl-3-me- 
thoxypropanoate. 714 

Chaicone ketals, to methyl 2.3-diaryl-3-methoxy- 
propanoates, 733 
Chaicone phenylhydrazones 
to bipyrazolines, 395 
to pyrazoles. 395 
Chalcones, using T1(N0 3 );i. 732 
Chlorins, oxidation of using Tl(III). 708 
p-Chlorobenzaidehyde, to p-chlorobenzamide. 385 
p-Chlorobenzamide. from chlorobenzaldehyde, 385 
Chlorocarbonates. from alcohols with CO and 
PdCI 2 . 497 

Chlorocatechol, to chloromuconate, 429 
a-Chlorocyciodocedanone. from cyclododecene. 

101 

7-Chloro-1,3-dihydro-1 -methyl-5-pheny 1-2H-1.4- 
benzodiazepin-2-one, from 2-aminomethyl- 
5-chloro-l-methyl-3-phenyiindole, 89 
5-Chloro-3fl,6/3-dihydroxy-5a-androstan-17-one 3- 
acetate. oxidation of, 803 
fl-Chloroethylacetate, from ethylene. 473 
Chloroform, to hexachloroethane. 410 
4-Chiorophenyi methyl sulfide, to 4-chlorophenyl 
methyl sulfoxide, 32 

4- Chlorophenyl methyl sulfoxide, from 4-chloro- 

phenyl methyl sulfide. 32 
p-Chlorotoluene. oxidation of by Mn(OAc),. 299 
5a-Cholest-8(14)-ene-30,7a-diol-15-one. from 5a- 
cholest-8-(14)-ene-3/3,7a,15a-triol, 102 
Cholest-4-en-30-ol 
to cholest-4-en-3-one, 832 
oxidation of by triphenyl bismuthcarbonate, 827 
Cholest-l-en-30-ol. to cholest-l-en-3-one, 832 
Cholest-l-en-3-one, from cholest-l-en-3fi-ol, 832 
Cholest-4-en-3-one, from cholest-4-en-3(3-ol, 832 
5a-Cholest-8-(14)-ene-3(3.7a,15a-trioI. to 5a- 
cholest-8( 14)-ene-3/3.7a-diol- 15-one, 102 
Cholesta-2.4-diene. oxidation of by Ru0 4 . 460 
5.7-Cholestadiene. to 5-hydroxy-6-oxo-7.8-epoxy- 
cholestane. 460 

Cholestan-3d-acetoxy-5a.66-diol. to cholestan-30- 
acetoxy-5a-ol-6-one. 450 
Cholestan-30-acetoxy-60-ol. to choiestan-3(3- 
acetoxy-6-one. 450 

Choiestan-3/3-acetoxy-5a-ol-6-one. from cholestan- 
3/3-acetoxy-5a.60-diol. 451 
Cholestan-3(3-acetoxy-6-one, from cholestan-30- 
acetoxy-6/3-ol, 450 

Cholestan-30-ol. oxidation of by tnphenyl bismuth- 
carbonate. 827 

Cholestan-3-one. to 2.2-diphenylchoiestan-3-one. 
828 

5- a-Cholestan-3-one. from 5-a-cholestane-3-one 

oxime. 834 

5-a-Cholestane-3-one oxime, to 5-a-cholestan-3- 
one. 834 

Cholestanol. to cholestanone. 830 
Cholestanone. from cholestanol, 830 


2-Cholestanone. from 2-hydroxvmethyl-5a- 
cholestan-2-ol. 780 

5-Cholesten-7-one-3i3-ol acetate, from cholesteryl 
acetate, 97 

A 4 -Cholestene-3.6-dione. from A 5 -cholestenone. 
428. 435 

A 5 -Cholestenone. to A 4 -cholestcne-3.6-dione. 428. 
435 

Cholesteryl acetate 

to 7-acetoxvcholestcryl acetate. 801 
to 5-cholesten-7-one-3(3-ol acetate. 97 
Chroman, from 3-phenyl-1-propanol. 580 
4-Chromanone. from 3-pheny 1-1-propanol. 580 
Chromone, from 3-phenyl-1-propanol. 580 
Cinnamaldehyde 

from cinnamyl alcohol. 104, 832 
from cinnamyl alcohol, using 2.2'-bipyridinium 
chlorochromate. 104 

Cinnamaldehydes. to arvlmalondialdehyde tetra- 
methyl acetals, 715 
Cinnamic acid 

to benzaldehyde. 293 
from cinnamyl alcohol. 378 
to formaldehyde. 293 
Cinnamic acids, to 2.6-diaryl-3.7-dioxabi- 
cyclo[3.3.0|octane-4.8.diones, 731 
Cinnamyl alcohol 
to cinnamaldehyde, 104. 832 
using 2,2'-bi-pyridinium chlorochromate, 104 
Cinnamyl aldehydes, from cinnamyl alcohols. 379 
Citral. from geraniol. 379 
Citronellal, from citronelloi. 102 
Citronellol 
to citronellal, 102 

to 4-methyl-2-(I-/-butenyl)-tctrahydrofuran, 769 
Codeine, to 14-hydroxycodeinone. 157 
p-Cresol, to 4-hydroperoxy-4-methylcyclohexa-2,5- 
dione, 626 
Cresol acetates 
from toluene. 499 
from p-tolylmercuric acetate. 499 
Crotonaldehyde from crotvlalcohol. 832 
Crotonic acid 

to dihydroxybutvric acid, using osmic acid/ 
barium chlorate. 670 
oxidation of. 640 

Crotyl alcohol, to crotonaldehyde. 832 
Cryptopleurine, from julandine. 699 
Cyanoanils, from aminonitriles. 217 
4-Cyanocatechol. oxidation of. 383 
a-Cyanoglyoxylidenedi-o-toiuidine. preparation of. 
238 

Cyanohydrins, oxidative cleavage of. using 
Ag 2 Co,, 556 
Cyclic ether 

from alicvclic alcohols. 769 
from cycloaikyl alcohols. 769 
from polycyclic alcohols. 769 
Cyclic ketones, to ring contracted acids. 849 
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Cycloalkanes, oxidation of 
using C, 336 
using chromyl acetate. 50 
by Ru0 4 . 463 

Cycloalkenes. oxidation of. using chromyl chloride. 
64 

Cycloalkyi alcohol, oxidation of. 769 
Cyclobutane, from 1-hydroxymethyicyciobutan-l- 
ol, 780 

Cyclobutanecarboxylic acid 
to cyclobutene. 793 
to cyclobutyl chloride. 794 
Cyclobutanoi 

to y-hydroxy aldehydes. 19 
to 4-hydroxybutanol. 30 
to ketones. 19 
Cyclobutanois 

to or-(acylmethyl)-a.<3-enones. 578 
to cyclobutanones. 450 

Cyclobutanone, from l.l'-dihydroxydicyciobutyl. 
780 

Cyclobutanones. from cyclobutanois. 450 
Cyclobutene, from cyclobutanecarboxylic acid. 

793 

Cyclobutyl chloride, from cyclobutanecarboxylic 
acid, 794 

3a-5a-Cyclocholestan-6(3-yl ethyl ether, oxidation 
of. 453 

3ar-5o-Cyclocholestan-6/3-yl methyl ether, oxidation 
of. 453 
Cyclododecene 

to a-chlorocyclodocedanone. 101 
to 1.12-dodecanedioic acid. 18 
Cycloheptane 

to cycloheptanone. 466 
to pimelic acid. 466 
Cycloheptanone 

to a-acetoxvcycloheptanone. 788 
from cycloheptane. 466 

2.4.6-Cycloheptatnene-l-carboxaldehyde dimethyl 
acetal, from cyclooctatetraene. 752 
Cycioheptene. oxidative carbonyiation of. 499 
l-Cycloheptene-5-carboxylic acid, to 4-cyclohep- 
tenyl acetate. 793 

4-Cycloheptenyl acetate, from l-cycloheptene-5- 
carboxyiic acid. 793 
Cvclohexa-1.3-diene 
to 1,2-diacetoxycyciohexenes. 750 
to 1,4-diacetoxvcyclohexenes. 750 
cis- 1,3-Cyclohexadiene. to c/j.cfj-2.4-hexadiene- 
dial. 780 

Cyclohexadienonvt phenyl ethers, preparation of. 
187 

Cyclohexane 

to adipic acid. 466 
to cyclohexanone. 466 
from cyclohexene. 477 

Cyclohexane carboxylic acid, from phenvlcyclo- 
hexane. 465 


m-Cyciohexane-l,2-diol. from cyciohexene. 
to adipaldehvde, 384 

from cyciohexene. using Os0 4 //V-methyl morpho¬ 
line. 676 

to hexane-1,6-dial. 820 

tranr-Cyclohexane-1,2-diol, to hexane-1.6-dial. 820 
Cyclohexane-1.2-dione bishydrazone. to cyclo- 
hexyn. 395 

Cyclohexanecarboxamide. to /V-eyclohexyiace- 
tamide, 806 

Cyclohexanecarboxylic acid 
to cyclohexane. 793 
to cyclohexyl chloride. 794 

1.2- Cyclohexanediol 

to 1,2-cyclohexanedione. 450 
to 2-hydroxvcyclohexanone. 450 

1.2- Cyclohexanedione. from 1.2-cyclohexanediol. 

450 

1,2.3-Cyclohexanetriol. to pentanedial. 780 
Cyclohexanol 

to cyclohexanone. 465 
from cyciohexene. 851 
dehydrogenation of. 577 
Cyclohexanone oxime 
to cyclohexanone. 734 
from cyclohexylamine. 26 
to gem-nitrosoacetoxycyclohexane, 806 
Cyclohexanone 

to a-acetoxycyclohexanone. 786 
to 2-acetoxycyclohexanone, 805 
Baeyer-Villiger oxidation of. 849 
to bicyclohexyl-2,2'-dione. 385 
from cyclohexane. 466 
from cyclohexanol. 465 
from cyclohexanone oxime. 734 
to dodecane-l,12-dioate. 865 
2-Cyclohexen-l-ol, epoxidation of, 18 
Cyciohexene 

to 3-acetoxycyclohexene, 747 
to cts-2-(l-adamantylamino)cyclohexanol. 682 
to adipaidehyde. 458 
using Os0 4 /sodium periodate. 677 
to benzene, 477 

to m-2-f/err-butylaminoicyclohexanol. 682 
to cyclohexane. 477 
from cyclohexanecarboxylic acid, 793 
to cis-cyclohexane-1,2-diol. using Os0 4 /N- 
methyl morpholine. 676 
from cyclohexane-1,2-dione bishydrazone. 395 
to cyclohexanol. 851 
to cyciohexene epoxide. 17 
to 2-cyciohexene-l-ol. 360 
to 2-cyciohexene-l-one, 360 
to cyclohexeneoxide. 851 
to cyclohexenone. 157 

to cylcopentanecarboxaidehyde dimethyl acetal. 
H10 

to ci.s-1,2-diacetoxycyclohexane. 747 
to trans- 1.2-diacetoxycyclohexane. 747 
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Cyciohexene (com.) 
to trans- 1, 12-dichlorocvclohexanc, 18 
to cis-a. 0-epoxy alcohol. 17 
to l ,6-hexanedioic acid. 18 
oxidation of. by Mn(OAc)>. 304 
oxidation of. using 0s0 4 /H 3 0>, 659 
Cyciohexene epoxide, from cyciohexene, 17 

2-Cyclohexene-l-ol. from cyciohexene. 360 
Cyclohexene-3-oi, oxidation of. 851 
2-Cyclohexene-1-one, from cyciohexene. 360 
Cyciohexeneoxide. from cyciohexene. 851 
Cyclohexenes, epoxidation of, 851 
Cyclohexenes(4-substituted 2-), formation of. 593 
Cyclohexenone. from cyciohexene, 157 
2-(3-Cyclohexenyl)propanal, from 2-(3-cyclohex- 
eny!)-l-propanol, 561 

2- (3-Cyclohexenyl)-l-propanol, to 2-(3-cyclohex- 

enyljpropanal. 561 

Cyclohexyl chloride, from cyclohexanecarboxylic 
acid. 794 

N-Cyclohexylacetamide, from cyclohexanecarbox- 
amide. 806 

Cyclohexylamine, to cyclohexanone oxime. 26 
d.s-Cyclonon-3-enc-1,6-dione. from cis- 1.6-dihy- 
droxybicyclo[4.3.0)-non-3-ene. 780 
Cvclooctatetraene 

to bicycio(4.2.0]ota-2,4-dtene-7.8-diol. 752 
to 2,4.6-cycloheptatriene-l-carboxaldehyde 
dimethyl acetal. 752 

Cyclooctene. to 1,8-octanedioic acid, 18 
Cyclopentanecarboxaldehyde dimethyl acetal, from 
cyciohexene, 710 

Cyclopentanol, dehydrogenation of, 577 
Cyclopentanone. to a-acetoxycyclopentanone, 786 
Cyciopentanone 2.4-dinitrophenylhydrazone. to 1- 
(2,4-dinitrophenylazo)-1 -acetoxycyclopen- 
tane, 801 

Cyclopentene. oxidation of by Mn(OAc),. 304 
Cyclopropane, from oxazolidine. 407 
Cyclopropane alcohols, nonconjugated. oxidation 
of. using MnO-, 142 
Cyclopropylcarbinols. oxidation of. 577 

rran.r-Decahydronaphthaienc. to rrans-9-decahy- 
dronaphthol. 463 

/ran.v-9-Decahydronaphthol. from rrans-decahydro- 
naphthalene, 463 

Decanoic acid, from 1-octene, 310 

1- Decene. to y-n-octylbutyrolectone, 308 
4-Decenoic acid, from 1-octene, 309 
Dehydrogenation, using Mn0 3 , 189 

(± )-6a,7-Dehydro-3-methoxy-/V-acetylnoman- 

tenine. from (±)-3-methoxy-/V-acetylnoman- 
tenine. 729 

Deoxybenzoins. from 1,1-dtarylethylenes, 712 

3- Deoxy-d-mannose. to 2-deoxy-d-ribose, 780 

2- Deoxy-d-ribose. from 3-deoxy-d-mannose. 780 

1,2-Di-|adamantyl-( 1 )|ethane-1,2-diol.to 1 -formvl- 
adamantane. 780 


1.4- Di-(r-l'-2'-carboranyl)butadiyne. from ethv- 

nylcarborane, 432 

a.a'-Diacetoxyacetone. from acetone, 786 
cis- 1,2-Diacetoxycvclohexane. from cyciohexene, 
747 

trans- 1,2-Diacetoxycyclohexane. from cyciohexene. 
747 

1.2- Diacetoxycyclohexenes. from cyclohexa-1.3- 

diene. 750 

1.4- Diacetoxycyclohexenes. from cyclohexa-1.3- 

diene, 750 

cis- 9,10-Diacetoxy-9.10-dihydroanthracene. from 
anthracene, using LTA. 755 
trans-9. 10-Diacetoxy-9.10-dihydroanthracene. from 
anthracene, using LTA, 755 
2,7-Diacetoxynorbomene, from norbomadiene. 752 
Diacetoxynortricyclane. from norbomadiene, 752 
30-Diacetoxy-5a-pregnane-l 1,20-dione. from 3(3- 
acetoxy-5a-pregnane-11,12-dione, 780 
30,170-Diacetoxy-5.10-seco-estrane-5.10-dione. 
from estrane-30,5a, 10a. 170-tetrol-3,17- 
diacetate. 780 

Diacyl hydrazides. from dicarbonyl azo compounds. 
409 

1.4- Dialdehyde, from isobutyraldehyde. 385 

4.4- Dialkoxycyclohexa-2.5-dienones. from phenols. 

735 

Dialkyl acetylenes 
to acyloins, 720 
to benzils, 753 

A' <> ,lV < ’-Dialkyl-2'-3',5'-tri-0-acyladonosines. oxida¬ 
tion of by RuO<, 454 

Dialkylaminoarenes. reaction with Ce(IV), 612 

2.6- Dialkylphenols, oxidation of. 735 
Diaryl acetylenes, to benzils. 720 

2.6- Diaryl-3,7-dioxabicyclo[3.3.0]octane-4,8- 

diones 

from p-alkoxycinnamic acids, 706 
from cinnamic acids. 731 

1.2- Diarylethanes. oxidative coupling of. using 

TKIII), 699 

1.1-Diarylethylenes. to deoxybenzoins. 712 
Diarylmethanes. oxidation of. using MnO,. 201 

1.3- Diaryl-1.3-propanediones. to 3-oxo-2.3-diaryl- 

propanoates, 714 

Diaryl sulfides, to sulfoxides. 586 
Diazepines, dehydrogenation of, using MnO ; . 193 
Diazo compounds, preparation of. using MnO,, 221 
a-Diazo ketone, from benzil monohydrazone. 395 

4-Diazo l,2.5.6-tetramethyltricyclo-[3.1.0.0 2 
hexan-3-one. synthesis of. 239 
Dibenzofuran, from cyclization of diphenylether. 

499 

2.2'-Dibenzoquinone. from 1,4-dimethoxybenzene. 
616-617 

1.4- Dibenzoylbutane 

from cir-1.2-diphenylcyciohexane-1.2-diol, 780 
from trans-l ,2-diphenylcyclohexane-l.2-diol. 

780 
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/V.O-Dibenzoylhydroxylamine. from benzoyl- 
hydroxylamine. 394 

2,2'-Dibromo-4.4',5,5'-tetramethoxybiphenyl. from 
4-bromoveratroie, 729 

3.5- Di-r-butyl-l ,2-benzoquinone. from 3.5-di-r- 

butycatechol. 354 

3.5- Di-r-butylcatechol. to 3,5-di-t-butyl- 1,2-benzo- 

quinone. 354 

3.5- Di-f-butyl-1,2-dimethoxybenzene, to 3.5-di-r- 

butyl-o-benzoquinone. 616-617 
3,3'-Di-t-butyl-5,5'-diphenyldiphenoquinone. from 
2-t-butyl-6-phenylphenol. 433 

3.5- Di-r-butyl-o-benzoquinone. from 3.5-di-r-butyl- 

1,2-dimethoxvbenzene. 616-617 

2.5- Di-r-butylhydroquinone. to 2.5-di-r-butyl- 

benzoquinone. 616-617 

2.6- Di-r-butyl-4-hydroxy-4-methylcyclohexa-2,5- 

dienone 

from 2.6-butyi-p-cresol, 436 

from 4-methyl-2,6-di-r-butylphenol. 430 

2.6- Di-/-butylphenol, oxidation of. 822 

2.6- Di-rerr-butyl-4-methylphenol 
oxidation of. 427 
oxidative dealkylation of. 383 

1.2- Dicarbomethoxy-1,2-dicyano-1,2-di-tolyleth- 

ane. from Methyl-p-tolylcyanoacetate. 434 
Dicarbonyl azo compounds, to diacyl hydrazides. 
409 

rranr-1.12-Dichlorocyclohexane, from cyclohexene. 
18 

Dichlorophenylmethane. to tetraphenylethene. 363 
ds-Dicyanostilbenes. from phenylacetonitrile. 407 
/ran.t-Dicyanostilbenes. from phenylacetonitrile. 

407 

2,2'-Di-(5.5'-dimethyl)bcnzoquinone. from 2.5- 
dimethoxytoluene. 616-617 

Dienes 

to tetrols, 645 
to unsaturated diols. 645 
4.5:11.12-Diepoxy-4.5:11.12-tetrahydro- 
benzo|a|pyrene, synthesis of. 657 
Diethyl acetoxymaionate. from diethyl malonate. 
786 

Diethyldisulfide, from ethyl mercaptan. 407 
Diethyl malonate. to diethyl acetoxymaionate. 786 
Diethyl tartarate. to ethyl glyoxylate. 780 
p-Difluoromethylnitrobenzene. from p-nitrotoluene. 
407 

Diformylcyciopentane. from endo-endo- 2.3-dihy- 
droxybicycio(2.2.1]heptane. 780 
Di-O-formyl-D-erithrose. from D-glucose. 780. 

804 

1.8-Diformylnaphthaiene.froml.2-dihydroacenaph- 
thene. 780 

1.2- Dihydroacenaphthene-1.2-diol. to 1.8-diformyl- 

naphthalene. 780 

9.10-Dihydroanthracene. to 10. lO'-dioxodian- 
thranyl, 297 

4.5-Dihydrobenzopyrene. oxidation of. 639 


Dihydrofurans 

from enolizable ketones and olefins using 
Mn(OAc),. 284 

formation of, from olefins, ketones, and 
MnfOAc),. 284 

4.5- Dihydro-1.2-oxazoles. dehydrogenation of. 

using MnOi. 190 

1,3-Dihydroxyacetone, to methyl glycolate. 543 
30,170-Dihydroxyandrost-4-ene, to testosterone. 
507 

endo.endo- 2. 3-Dihydroxybicyclo(2.2.1 Jheptane. to 
diformylcyciopentane. 780 
ds-l,6-Dihydroxybicyclo[4.3,0]-non-3-ene. to cis- 
cyclonon-3-ene. 1,6-dione. 780 
Dihydroxybutyric acid, from crotonic acid, using 
osmic acid/barium chlorate. 670 
l.l'-Dihydroxydicyclobutyl, to cyclobutanone. 

780 

2.6- Dihydroxy-3.4-dimethylbenzamtde. to 2- 

hydroxy-4.5-dimethyl-3.6-dioxocyclohexa- 

1,4-dienecarboxanide. 626 
Dihydroxydiphenyls, to diphenoqutnones. using 
Ag 2 COj. 548 

20,21 -Dihydroxy-110.18-epoxy-5a-pregnan-3-one 
diacetate, to 3-oxo-l 10.20,21-tnhydroxy- 
5a-pregnan-18-oic acid 11.18-lactone 20.21- 
diacetate. 452 

9.10-Dihydroxyoctadecanoic acid, to nonanal. 780 
r/ireo-4.5-Dihydroxyoctane. from octene, 676 
/V-cbz-3-4-Dihydroxyprolinamines. oxidation of, 

638 

trans- 1.2-Dihydroxy-1,2.3.4-tetrahydronaphthalene. 

to o-(2-formylethy!) benzaidehvde. 820 
p.p'-Dihydroxystilbenes. to stilbenequinones. using 
Ag,CO„ 548 

10,11-Dihydroxyundecanoic acid, from sodium 10- 
undecenoate. 642 

2.6- Diisopropyl-1,4-dimethoxybenzene. to 2,6- 

diisopropylbenzoquinone. 616-617 

2.6- Diisopropylbenzoquinone. from 2.6-diiso- 

propyl-1,4-dimethoxybenzene. 616-617 
1,2:5.6-Di-0-isopropylidene-D-glucofuranose. to 
1.2:5,6-di-0-isopropyl idene-a-D-nbohexo- 

furanos-3-ulose. 451 

1.2:5,6-Di-0-isopropylidene-cr-i>glucofuranose 
from 1,2:5.6-di-0-isopropylidene-a-D-ribohexo- 
furanos-3-ulose. 451 

to 1,2:5,6-di-0-isopropylidine-a-D-ribohexofura- 
nosulose. 465 

1.2:5.6-Di-0-isopropylidene-D-mannitol. to 2.3- 
isopropylidene-D-glyceraldehyde. 832 
1,2:5.6-Di-0-isopropylidene-a-D-nbohexofuranos- 
3-ulose. from 1.2,5.6-di-O-isopropyiidene- 
D-glucofuranose. 451 

1,2:5.6-Di-0-isopropyiidene-a-D-ribohexofuranosu- 
lose, from 1.2:5.6-di-0-isopropylidine-cr-D- 
glucofuranose. 465 

Di-o-tolyldisulfide. from o-thiocresol. 833 
Di-p-tolyldisulfide. from p-thiocresol. 833 
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Di-p-tolylphenyl hydrazine, from p-tolylphenyl- 
amine. 390 

1.2-Diketone bishvdrazoncs. oxidation of. 395 

1.2- Diketone bisphenylhydrazone. oxidation of. 395 
Diketones, from polyols, using AgXO,. 531-534 

from secondary a-ketoalcohols. using Mn(OAc),. 
290 

a-Diketones 

from alkynes, 460 
from a-aminoketones. 212 
a-Diketones, oxidation of, 850 

1.4- Diketones, from isopropenylacetate and ketones 

using Mn(OAc) 3 , 286 

2.5- Dimethoxy acetophenones, oxidation of. using 

TKNojlj, 725 

3.3- Dimethoxy-1.2-diarylpropan-l-ones. synthesis 

of, 732 

2.5- Dimethoxy-4-(2-acetaminopropyl)toluene. to 2- 

methyl-5-(2-acetaminopropyl)benzoqutnone. 

616-617 

2.5- Dimethoxy-4-(2-( /V-/-butoxycarbonylamino)pro- 

pyDtoluene. to 2-methyl-5-(2-(A-l-butoxy- 

carbonvIaminojpropyDbenzoquinone. 

616-617 

1.4- Dimethoxy-2-allyl-3-methylnaphthalene. to 2- 

allyl-3-methyI-1,4-naphthoquinone. 616-617 

1.4- Dimethoxybenzene 

to p-benzoquinone. 616-617 
to 2.2'-dibenzoquinone. 616-617 

1.4- Dimethoxybenzenes. oxidation of. 588 

2.5- Dimethoxy-4-(2-(/V-r-butoxycarbonylamino)- 

propyljtoluene. to 2-methyl-5-(2-( A-r-bu- 
toxycarbonylamino)propyl)benzoquinone, 
616-617 

6.7-Dimethoxy-3,4-dihydrocoumarin. from 3-(3,4- 
dimethoxyphenyl)-propionic acid, 730 

1.4- Dimethoxy-2-geranyl-3-methylnaphthalene. to 

2-geranyl-3-methyl-l ,4-naphthoquinone. 
616-617 

1.4- Dimethoxy-2-methylnaphthalene. to 2-methyl- 

1.4-naphthoquinone. 616-617 

4.4- Dimethoxy-4-methoxycyclolohexa-2.5-di- 

enones. from 4-methoxy phenols. 726 

1.4- Dimethoxvnaphthalene. to 1.4-naphthoquinone. 

616-617 

2.5- Dimethoxy-4-(2-nitropropenyl)toluene. to 2- 

methyl-5-(2-nitropropenyl)benzoquinone. 

616-617 

3-(3.4-Dimethoxyphenyl)propionic. oxidation of. 
using Tl(III). 702 

3-(3.4-Dimethoxyphenyl)-propionic acid, to 6.7- 
dimethoxy-3.4-dihydrocoumarin. 730 

1.4- Dimethoxy-2-prenyl-3-methylnaphthalene. to 2- 

prenyl-3-methyl-l.4-naphthoquinone. 616- 
617 

2.5- Dimethoxytoluene. to 2,2'-di(5.5'-dimeth- 

ylibenzoquinone. 616-617 

2.5- Dimethoxv-m-xylene. to 2.6-dimethylbenzoqui- 

none. 616-617 


2.5- Dimethoxy-p-xvlene. to 2.5-dimethylbenzoqui- 

none. 616-617 

Dimethyl bicyclo|2.2.2]oct-5-ene-l .exo-2-dicarbox- 
ylatc(l-). from l-carbomethoxy-2-endo- 
carbomethoxybicyclo|2.2.2|octane-5.6- 
endodicarboxylic acid. 805 
Dimethyl docosa-10.l2-divnoate. preparation of. 

431 

Dimethyl ent-3a.l3-dihydroxy-2-oxo-20-norgibber- 
rella-l(IO). 16-diene-7.19-dioate. synthesis 
of. 240 

2.6- Dimethyl-1,4-benzoquinone. from 4-hvdroxy- 

3,5-dimethylbenzylalcohol. 822 

2.5- Dimethvl-1,4-dimethoxybenzene. to 2.4-di- 

methylbenzoquinone. 616-617 

3.3- Dimethyl-l-indanone. from 1.1-dimethylindan. 

99 

3.7- Dimethyl-1-octanol. to 4-methvl-5-i-pentyl- 

THF. 769 

2.7- Dimethyi-3.5-ocladiyne.2.7-diol. from 2- 

methyl-3-butyn-2-ol. 432 
Dimethyl-3-acetoxyoctan-2-ol. from 2.6-dimethy- 
loct-2-ene. 824 

2.5- Dimethyl-3-acetyl-5-phenyl-dihydrofuran. from 

a-methylstyrene. acetylacetone. and 
Mn(OAc),, 311 

1-Dimethylaminonaphthalene. self-coupling of. 584 

4.4- Dimethyl-5a-androstan-2-one. to 3a-acetoxy- 

4.4-dimethyl-5a-androstan-2-one, 286 
A/./V-Dimethyianiline. to A-methylacetamide using 
Mn(OAc),. 291 

9,10-Dimethylanthracene. to 9.10-bis(acetoxy- 
methyDanthracene. 757 

2.5- Dimethyl-</-arabinose. from 3,6-dimethyl-tf- 

glucose, 780 

5.6- Dimethylbenzimidazol-2-one. demethylative 

nitration of. 592 

2.4- Dimethylbenzoquinone. from 2,5-dimethyl-l,4- 

dimethoxybenzene. 616-617 

2.5- Dimethylbenzoquinone. from 2.5-dimethoxy-p- 

xylene. 616-617 

2.6- Dimethylbenzoquinone. from 2.5-dimethoxy-m- 

xylene. 616-617 

2.5- Dimethyl-4-methylbenzvl alcohol, to 2-hydrox- 

ymethyl-5-methylbenzoquinone. 616-617 
2.3-Dimethylbutane-2.3-diol. to acetone. 820 
iV./V-Dimethyldodecylamine. to A'.A'-dimethyldode- 
cylamine A-oxide. 31 

A'.A'-Dimethyldodecylamine A-oxide. from N.N- 
dimethvidodecylamine. 31 

3.6- Dimethyl-d-glucose, to dimethyl-rf-arabinose. 

780 

2.5- Dimethylhexane-2.3-diol. to 3-methylbutanal. 

780 

2.6- Dimethylhydroquinone. oxidation of phenol, 

860 

1.1-Dimethylindan. to 3.3-dimethvl-i-indanone. 99 

2.6- Dimethvloct-2-ene. 2.6-dimethvl-3-acetoxy- 

octan-2-ol. 824 
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2,6-Dimethy Iphenol 
oxidation of, 834 

to 3,3'.5,5'-tetramethyldiphenoquinone. 562 

4.5- Dimethyl-o-phenylenediamine. oxidation of. 

429 

/3,/3-Dimethylproponoic acid, to neopentylchlonde. 
794 

5.5- Dimethyl-N-(p-toluenesulfonyi)sulfenylimine. 

to S,S-dimethyl-/V-(p-toiuenesulfonyl)sui- 
foximine. 466 

5.5- Dimethyl-/V-(p-toluenesuifonyl)sulfoximine. 

from 5.5-dimethyi-/V-(ptoluenesulfonvI)sul- 
fenylimine. 466 

Dinitrile, from o-phenyienediamine. 385 
l-(2,4-Dinitrophenylazo)-l-acetoxycyclopentane. 
from cyciopentanone 2.4-dinitrophenylhy- 
drazone, 801 

Diols, oxidation of. using Os0 4 , 649 
Diols, a.U-unsaturated. oxidation of. using MnO,. 
139 

a-Diols. oxidative cleavage of, 519 
eryr/iro-Diols. to a-hydraxyketones. 519 
ds-4.5-Diols. from A 4 -steroids. 646 
ds-Diols. from alkenes. 637 

1.2- Diols. cleavage of by sodium bismuthate. 820 

1.4- Diols. to lactones. 509 

1.5- Diols. to lactones, 509 

1.6- Diols. to lactones. 509 
Diosphenolene. from 2-hydroxypulegone. 826 

10.10-Dioxodianthranyl. from 9,10-dihydroanthra- 
cene, 297 

1.3- Dioxolanes. from glycol. 498 

3.6- Dioxopyridazine. from maleic hvdrazide. 409 
Dipentene. synthesis of. 411 
Diphenoquinones 

from dihydroxydiphenyls. using Ag 3 CO,. 548 
from phenols. 364 
using Ag 3 CO,. 545 
using Mn(OAc),. 292 

from p-unsubstituted phenols, using Ag.CO,. 
548 

Diphenyl sulfide 
to diphenyl suifone. 408. 466 
Diphenyl suifone 

from diphenyl sulfide. 466 
from diphenyl sulfoxide. 466 
Diphenyl sulfoxide, to diphenyl suifone. 466 
Diphenylacetaldehyde. oxidative decarbonylation 
of. 429 

Diphenylacetonitrile 
oxidative coupling of. 428 
to tetraphenylsuccinotrile. 434 
Diphenylacetylene 
to benzil. 460. 645. 686 
from benzil bishydrazone. 395 
oxidation of. 685 

Diphenylamine. to tetraphenyihydrazine. 390 

2.6- Diphenyl-p-benzoquinone. from 2.6-diphenyl- 

phenol, 437 


2.2- Diphenylcholestan-3-one. from cholestan-3-one. 

828 

ds-1.2-Diphenylcyclohexane-1.2-dioi. to 1.4-diben- 
zoylbutane. 780 

rrans-1.2-Diphenylcyclohexane-1.2-diol, to 1.4- 
dibenzoylbutane. 780 

Diphenyldiazomethane. from benzophenone hydra- 
zone, 394. 834 

Diphenyidisuifide. from thiophenol. 833 

1.2- Diphenylethanol. to 2-phenylacetophenone. 864 
Diphenylether. cyclization of to dibenzofuran. 499 
Diphenylglycolic acid, to benzophenone. 820 
Diphenylketene. from benzil monohydrazone. 395 
Diphenylmethane 

to benzhydryl acetate. 757 
to benzophenone. 407 
Diphenylmethanol. to benzophenone. 105 

2.6- Diphenyl-3-methoxy-p-benzoquinone. from 2.6- 

diphenylphenol. 437 

2.3- Diphenyl-3-methoxypropanoate. from chalcone 

dimethyl acetal. 715 

2.6- Diphenyl-4-mcthoxyphenol. oxidation of. 427 
Diphenyl-1,2.4-oxadiazole. from benzaidehyde 

oxime, 562 

9.10-Diphenylanthrene. from tetraphenylethene. 65 

2.6- Dipheny iphenol 

to 2,6-diphenyl-p-benzoquinone. 437 
to 2.6-diphenyl-3-methoxy-p-benzoquinone. 437 

2.6- Diphenylphenoxyl. from 4-methoxy-2.6-diphe- 

nylphenoi. 434 

E-l,2-Diphenylprop-l-ene, from E-l-phenylpro- 
pene, 483 

Z-1.2-Diphenylprop-l-ene. from E-l-phenytpro- 
pene. 483 

meio-2.3-Diphenylsuccinonitrile. from phenylace- 
tonitrile, 407 
Diphenylsulfide 
to diphenylsulfone. 457 
from thiophenol. 407 

Diphenylsulfone from diphenylsulfide. 408. 457 
Diplodialidine B<7). synthesis of. 476 
Dipyrromethanes. to dipyrroketones. 592 

4.4- Disubstituted cyclohexa-2.5-dienones. from 4- 

substituted phenols. 726 

iV-W-Disubstituted hydrazines, to azo compounds. 
797 

2.6- Disubstituted p-benzoquinones. from 2.6-disub- 

stituted phenols. 726 

2.6-Disubstituted phenols 

to 3-alkoxy-2.6-disubstituted benzoquinones. 

430 

to 2,6-disubstituted p-benzoquinones. 726 
oxidative coupling of. 427, 440 
Disulfide 

from mercaptans. 358 
from thiol, using V. 27 
from thiols. 722. 827 
to thiosulfinates. using V. 29 
to thiosulfonates. using V. 29 
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Diterpenes. oxidation of. using Ag,CO,. 535-541 

1.3- Dithianes 
degradation of. 587 

dethioacetalization of using TlfNO,),. 724 
Dithioacetais. cleavage of, 614 

1.3- Dithiolanes. degradation of. 587 

1.3- Dithiolanes. dethioacetalization of using 

T1(N0 3 ) 3 , 724 

Dodecane-1.12-dioate. from cyclohexanone. 865 
1.12-Dodecanedioic acid, from cyclododecene. 18 
Durene. oxidation of by Mn(OAc) 3 , 299 
Duroquinone. from 2.3,5,6-tetramethyl-1.4-dime- 
thoxybenzene. 616-617 


Enol esters 
to esters. 84 
to lactones. 84 

oxidation of. using sodium chromate. 90 
5a.8a-Epidioxy-5,8-dihydroergosteryl acetate, from 
ergosteryl acetate. 626 

5/3.8(3-Epidioxy-5.8-dihydrolumisteryl acetate, from 
lumisteryl acetate. 626 

m-a.(3-Epoxy alcohol, from cyclohexene. 17 

2.3- Epoxy-2,3-dihydro-1,4-naphthoquinone. 1 - 

naphthol. 626 

2-Epoxygeraniol from geranioi. 851 

2.3- Epoxygeranyl acetate, from E-geraniol. 866 
1,2-Epoxypropane, industrial oxidation of. 15 
Ergosteryl acetate, to 5a.8a-epidioxy-5.8-dihy- 

droergosteryl acetate. 626 
Erythro-9.10-dihydroxy-stearic acid, from potas¬ 
sium oleate, 642 
Ester, from enol esters. 84 
Esters 

from benzyl ethers, 83 
dimerization of. 860 

a.i3-unsaturated. to carbonyl compounds. 476 
Estrane-3(3.5a, 10a. 17/3-tetrol-3.17-diacetate, to 
3/3.l7(3-diacetoxy-5.10-seco-estrane-5.10- 
dione. 780 

Estrone, to 3-( l-oxo-8(3-methyl-5/3-carboxy-rranj- 
perhydroindanvl-4a-)propanoic acid. 465 
Ethane-1.2-diol. to formaldehyde, 820 
Ethanol, to acetaldehyde using Ce(lV). 577 
Ethene 

to (3-acetoxyacrylic acid. 494 
to acrylic acid. 494 
Ethers 

a-acetoxylation of. 857 
a-acyloxylation of. 854 
dimerization of. 860 

oxidative cleavage of. using Ce(IV), 608 
Ethyl acetoacetate. to ethyl-a-phenylacetoacetate. 
828 

Ethyl A/-acetyl-2-amino-7-(trimethylsilyl)-4.6-hepta- 
diynoate. 432 

Ethyl cyclopcntanccarboxylate. from l-pynoiidino- 
1-cyclohexene. 802 


Ethyl glyoxylate, from diethyl glyoxvlate. 780 
Ethyl 6-heptenoate. from suberic acid (mono ethyl 
ester). 793 

Ethyl 3-hydroxycvclobutane carboxylate. to ethyl 3- 
ketocyciobutane carboxylate. 450 
Ethyl 3-ketocyciobutane carboxylate. from ethyl 3- 
hydroxycyclobutane carboxylate. 450 
Ethyl mercaptan, to diethyldisulfide. 407 
Ethyl tetrahydronicotinate. dimerization of. 586 

1- Ethyl-2-benzosuberone. from i-propylidenetet- 

ralin. 732 

Ethyl-a-cyanooctanoate. from ethylcyanoacetate, 
414 

2- Ethyl-3,5-dimethylpyrazine. oxidation of. 53 
(V-Ethyl-3-ethylpiperidine. oxidation of. 456 
Ethyl-3-hydroxycyclobutanecarboxylate. to ethyl-3- 

ketocyciobutanecarboxyiate. 465 
Ethyl-3-ketocyclobutanecarboxylate. from ethy 1-3- 
hydroxycyclobutanecarboxylate, 465 
5-Ethyl-5-( l-methyl-3-carboxypropyl) barbituric 
acid, from 5-ethyl-5-(l-methyl-4-pentenyl) 
barbituric acid, 466 

5-Ethyi-5-( l-methyl-4-pentenyl) barbitunc acid, to 
5-ethyl-5-(l-methyl-3-carboxypropvl> barbi¬ 
turic acid. 466 

Ethyl-a-phenylacetoacetate. from ethyl acetoace¬ 
tate. 828 

2- Ethyl-tetrahydrofuran. from 1-hexanol, 769 
Ethylbenzene 

to acetopenone. 855 
oxidation of by Mn(OAc),, 299 
to a-phenylethyl acetate, 757 
Ethylene 

to acetaldehyde, 471 
to acetaldehyde dialkylacetal. 475 
to (3-chIoroethylacetate,473 
to glycoldiacetate. 473 
to glycolmonoacetate. 473 
oxidation of in acetic acid. 473 
oxidation of in alcohols. 474 
oxidation of in water. 471 
to vinylacetate, 473 

p-Ethyltoluene. oxidation of by Mn(OAc),. 297 
Ethynylcarborane. from 1.4 di-(r-l'-2’-carbora- 
nyl)butadiyne, 432 

l-Ethynylcyclohexanol, to 1.1-butadiynilene-dicy- 
clohexanol, 431 

3- Exo-chloro-2-exo-hydroxynorbomene. from 

norbomene. 65 

Fatty acids, unsaturated, oxidation of. 459 
e/ido-Fenchyl acetate, to 5-oxo-cndo-fenchyl 
acetate. 96 

Femcenium cations, from ferrocenes, 596 
Ferrocenes 

bridged, oxidation of. using Mn0 3 . 202 
to ferricenium cations. 596 
Flavone, acetate, hydroxylation of. 659 
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Flavones, formation of with PdCK, 479 
Fluorene 

to fluorenone. 98. 297 
Fluorenone 

from fluorene. 98. 297 

p-F!uoromethy(nitrobenzene, from p-nitrotoluene, 
407 

Formaldehyde 
from cinnamic acid. 293 
from ethane-1,2-diol, 820 
from glycol, 780 

Formamides. from tertiary amines. 212 
l-Formyl-5-(hydroxymethyl)cyclooctene. from 1.5- 
bir-(hydroxymethyl)cyclooctene. 141 

1- Formyladamantane. from 1.2-di-[adamantyl(l)] 

ethane-1,2-diol. 780 

o-Formylaminoacetophenone, from 3-methylindole. 
437 

o-Formylaminoacetophenone derivatives, from 
indoles. 430 

2- Formylchtomone, from 2-(hydroxy- 

methyljchromone. 236 

o-(2-Formylethyl)benzaldehvde. from trans- 1.2- 
dihydroxv-1.2.3,4-tetrahydronaphthalene. 
820 

2-Formylphenylacetaldehyde. from indane-1.2-diol. 
804 

2-Formyltetrahydropyran. from 2-hydroxymethyl- 
tetrahydropyran. 776 
D-Fructose. to d-glycerinaldehyde. 780 
Fuchsones 

3.5-disubstituted. preparation of. 184. 185 
from 4-hydroxytriphenylmethane. 383 
Fumarie acid 
oxidation of. 850 
using Os0 4 , 653 
Furan. to bifuryl. 489 

(E)-9-(Furan-3'-yl)-2.6-dimethylnona-2.6-dien-4- 
one. from 4-hydroxydendrolasin. 561 
Furfural, from furfurvi alcohols. 379 
Furil. from furoin. 826 
a-Furoic acid, from a-furfuryl alcohols. 378 
Furoin. to furil. 826 


Galacticol. to isogalactose. 848 
Geranial 

from geraniol. 105. 149. 832 
to methylgeranate. 149 
Geraniol 

catalyzed oxidation of. 15 
to citral. 379 
to 2-epoxygeraniol. 851 
to geranial. 105. 149. 832 
to methylgeranate. 149 
E-Gerantoi 
epoxidation of. 29 
to 2.3-epoxygeranyl acetate. 866 


2-Geranyl-3-methyl- 1.4-naphthoquinone, from 1.4- 
dimethoxy-2-geranyl-3-methylnaphthalene. 
616-617 

Gibberellic acid, oxidation of, using MnO,. 236 
Gibberellins, oxidation of. using MnOi. 137 
Glucose phenylosotriazole. to 2-phenyi-1.2.3-tri- 
azole-4-carboxylic acid, 578 
D-Glucose 

to di-O-formyl-D-erithrose, 804 
to di- 0 -formyl-d-erithrose, 780 
L-Glycerinaldehyde 
from L-arabinose. 780 
from d- fructose. 780 
from l-sort>ose. 780 
Glycerol, from allyialcohol. 642 
Glycol 

to 1,3-dioxotanes. 498 
to formaldehyde, 780 
Glycoldiacetate. from ethylene. 473 
Glycolmonoacetate. from ethylene. 473 
Glycols, oxidations of. 383 
1,2-Glycols, C-C-scission of, 849 
Glyoxal. from a-methyl-d-glucoside. 780 
Glyoxal bisphenylhydrazone. to bisphenylhydra- 
zone. 396 

Grisen-3-ones, to 3-alkylidene grisens. 458 
Guanidino compounds, degradation of. using 
Ag 2 C0 3 , 559 

L-Gulono-y-lactone. to L-ascorbic acid. 849 


Halcon process. 850 

Haloalkanes. Mn(OAc), initiated addition to unsatu¬ 
rated systems, 286 

Halohydrins. rearrangements, using Ag,CO,. 558- 
559 

Heck reaction. 482 
Heptaldehyde 
to heptanoic acid, 452 
from 1-octene. 458 
Heptanal. from 1-heptanol. 102 
n-Heptane. to isomeric n-heptyl trifluoroacetates. 
742 

Heptanoic acid, from heptaldehyde. 452 
n-Heptanoic acid, to I-hexene. 793 
I-Heptanol. to heptanal. 102 
n-Heptylamine. to n-hexyl cyanide. 805 
Heteroaromatic bases 
acylation of. 860 
alkylation of. 860 

Heterocyclic compounds, oxidative dimerization of. 
using Mn0 2 . 228 

Hexachloroethane. from chloroform. 410 
m.c(s-2,4-Hexadienedial. from cu-1,3-cyclohexa- 
diene. 780 
Hexane-1,6-dial 

from ds-cyclohexane-1.2-diol. 820 
from trans-cyclohexane-1 ,2-diol. 820 
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1,6-Hexanedioic acid, from cyciohexene. 18 
2.5-Hexanedione. from acetone. 306 
n-Hexanoic acid, to /t-amyi iodide. 794 

1- Hexanol. to 2-ethyl-THF. 769 

2- Hexanone. from 1-hexene. 498. 853 
9,27-Hexatriacontadiene-i8-19-diol. from 9-octa- 

decanal, 780 

1- Hexene 

to 2-hexanone. 498. 853 
from n-heptanoic acid. 793 
oxidation of with PdCl 2 . 477 
n-Hexyi cyanide, from n-heptyiamine, 805 
(V-Hexyiheptamide. oxidation of by Ru0 4 , 453 
Homoallyi trimethylsilyl ethers, epoxidation of, 17 
Homoallylic alcohols, epoxidation of, 16 
Homo-terpenyl-methylketone. from d, 1-a-terpineol, 
301 

Hydrazides. oxidation of. using MnO,. 218 
Hydrazine, tetrasubstituted. from secondary amines. 

390 

Hydrazines 

to azo compounds, using Ag 2 CO,. 553 
oxidation of. using MnO., 218 

2- Hydrazinobenzothiazole. oxidation of. 392 
Hydrazobenzene, to azobenzene, 834 
Hydrazones 

monosubstituted. to /v-acetyl-;V '-acylhydrazones. 
800 

oxidation of. 400-404 
using Ag 2 CO,. 553 
using MnO,. 220 

Hydrindacenes, oxidation of. using chromium 
trioxide. 57 

4-Hydrobenzaldehydes. from 4-hydroxymethylben- 
zenes, 338 
Hydrobenzoin 
to benzaldehyde, 820 
oxidation of using Mn(OAc),. 290 
meio-Hydrobenzoin. to benzaidehyde. 832 
Hydrocarbons, oxidation of. using MnO : . 198 
4-Hydroperoxy-2.4-dimethylcyciohexa-2.5-dione. 
from 2.4-xylenol. 626 

4-Hydroperoxy-4-methylcyclohexa-2.5-dione, from 
p-cresoi. 626 

4-Hydroperoxy-4-methyl-2,6-di-r-butylcyclohexa- 
2.5-dienone, from 4-methyl-2,6-di-/-butyl- 
phenol. 602. 626 

4-Hydroperoxy-2,4.6-trimethylcyclohexa-2.5-dione, 
from mesitoi, 626 
Hydroquinone 
to 1,4-benzoquinone. 14 
to p-benzoquinone. 616-617. 725 
oxidation of. 588 

Hydroquinone. r-butyl, to r-butyl-p-benzoquinone. 
427 

Hydroquinones 
to 1,4-benzoquinones. 364 
to p-benzoqutnones. 543 
to quinones. 20 


Hydroquinones {com.) 
oxidation of. 427. 735 
using Ag 2 CO„ 545 
Hydroxy acids 
to keto acids, 452 
oxidation of 
using Os0 4 , 651 
a-Hydroxy acids 
to a-keto acids, 166 
oxidation of, 383 

Hydroxy lactones, oxidation of, 451 
y-Hydroxy aldehydes, from cyclobutanol. 19 
Hydroxy lamtnes 
aromatic, oxidation of, 392 
to C-nitroso compounds, using Ag 2 CO,, 553 
oxidation of. 394 
using Mn0 2 , 214 
from secondary amines. 858 

2- Hydroxyandrosta-l,4-diene-3,17-dione. from 2a- 

hydroxyandrosta-4-ene-3.17-dione, 826 
2a-Hydroxyandrosta-4-ene-3.17-dione. to 2-hy- 
droxyandrosta-1,4-diene-3.17-dione. 826 

3- Hydroxyanthranilic acid, oxidation of. using 

MnO,. 239 

4- Hydroxybenzylalcohol. to 1.4-benzoquinone. 822 

4- Hydroxybutanol. from cyciobutanol. 30 
Hydroxycarbamates. vicinal, from olefins. 644 

2- Hydroxychalcones. to tram-au rones. 292 

3- Hydroxychromane. from allyl phenyl ether. 713 
6-Hydroxychromans. to p-quinones. 588 
14-Hydroxycodeinone. from codeine. 157 
Hydroxy compounds, oxidation of. 387 

5- Hydroxycoumarans. to p-quinoncs. 588 
2-Hydroxycyclohexanone. from 1,2-cyclohexane- 

diol, 450 

4- Hydroxydendrolasin, to (E)-9-(furan-3'-yl)-2,6- 

dimethylnona-2.6-dien-4-one. 561 
5a-Hydroxy-3/3,17(3-diacetoxyandrostane. oxidation 
of. 578 

19-Hydroxy-3/3,17(3-diacetoxy-5-androstene. 577 
4-Hydroxy-3.5-dimethylbenzvlalcohol. to 2.6- 
dimethyl-1,4-benzoquinone. 822 

2- Hydroxy-4.5-dimethy!-3.6-dioxocvclohexa-1.4- 

dienecarboxanide. from 2.6-dihydroxy-3,4- 
dimethylbenzamide. 626 

3- Hydroxyflavone. to o-benzoylbenzoic acid. 437 

3- Hydroxyfiavones. to depsides. 430 
a-Hydroxyketones. from erythro diols. 519 
Hydroxylated benzoquinones. from hydroquinone. 

427 

a-Hydroxymalonic acids, degradation of. 611 
DL-4-Hydroxy-3-methoxymandelic acid, oxidation 
of, 166 

4- Hydroxymethylbenzenes. to 4-hydrobenzalde- 

hydes, 338 

2-Hydroxymethyl-5a-cholestan-2-ol. to 2-choles- 
tanone, 780 

2-(Hydroxymethyl ichromone. to 2-formylchro- 
mone, 236 
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1- Hydroxymethylcyclobutan-l-oi. to cyclobutane. 

780 

2- Hydroxymethyl-5-methyibenzoquinone, from 2.5- 

dimethyI-4-methylbenzyl alcohol, 616-617 
2-Hydroxymethyltetrahydropyran, to 2-formyltetra- 
hydropyran, 776 

6-Hydroxymythyluracil. to orotic acid. 378 
5-Hydroxymethyluracil. oxidation of, 848 
5-Hydroxy-1,4-naphthoquinone, from 1,5-naphtha- 
lenediol, 626 

5-Hydroxy-6-oxo-7.8-epoxycholestane, from 5,7- 
cholestadiene. 460 

1,3-Bis-(hydroxyphenyi)propane. oxidative coupling 
of, 21 

17a-Hydroxypregnan-20-one. from pregnan- 
I7a,20a-dioi. 519 

la-Hydroxyprevitamin D v to 1-ketoprevitamin D,, 
166 

2-Hydroxypulegone, to diosphenolene, 826 
Hydroxy-1,3-seco-2-nor-5a-androstane-1,3-dioic 
acid, from 170-acetoxy-3-oxo-5a-androst-1 - 
ene, 466 

4-Hydroxytriphenylmethane, to fuchsones, 383 
la-Hydroxy vitamin D,, oxidation of, 166 

Imidazolidinetriones, from indole-1,2-dicarboxa- 
mides. 92 

Imides, substituted, from substituted amides by 
Ru0 4 , 453 

Imines, to oxaziranes, 854 
Indane. to indanone. 620 

lndane-l,2-diol, to 2-formylphenylacetaldehyde, 

804 

Indanone. from indane, 620 
Indans, oxidation of. using chromium trioxide, 57 
Indole-1,2-dicarboxamtdes. to imidazolidinetriones. 
92 

Indoles 

oxidation of. using MnO : , 228 
oxidative cleavage of, 430 
oxidative coupling of, 490 
mvo-Inosose phenyihydrazone. oxidation of, 240 
iodobenzene. coupling of with iodotoluene, 499 
4-(Iodophenyl)methanal. from 4-iodotoluene. 99 
Iodotoluene. coupling of with iodobenzene, 499 
4-Iodotoluene. to 4-(iodophenyl)methanal, 99 
Isoboldine, from reticuline, 23 
Isobutyraldehyde 
to 1.4-dialdehyde, 385 

to 2-methyl-2-(2'-methyl-I'-propenoxy)propional- 
dehyde, 143 

to tetramethylsuccinaldehyde, 143 
Isocyanates, from unsubstituted amides. 797 
Isoflavones. preparation of, 713 
Isogalactose, from galacticol, 848 
Isomeric n-heptyl trifluoroacetates. from n-heptane. 
742 

Isooxazoles. from a,d-unsaturated ketoximes. 479 


2,3-Isopropylidene-D-glyceraldehyde, from 1.2.5,6- 
di-O-isopropylidene-D-mannitol. 832 
2’. 3'-0-Isopropyiidene-5'-oxo-6,5'-cyclouridine, 
preparation of, 173 

Julandine. to cryptopleurine. 699 

Keto acids, from hydroxy acids, 452 
a-Keto acids 

from a-hydroxy acids. 166 
oxidation of. 850 

a-Keto alcohols, secondary, oxidation to diketones 
using Mn(OAc),, 290 

/3-Keto-aldehydes. from d-y-unsaturated ketones. 
687 

a-Keto amides, from a-keto imines, 356 
a-Keto imines. to (i-keto amides, 356 
Ketols, from polyols, using Ag 2 CO,, 531-534 
a-Ketols. oxidation of, 850 
Ketones monohydrazones. oxidation of. 394 
Ketones 

a-acyloxylation of. 855 
from alcohols 

using 2,2-bipyridinium chlorochromate. 78 
using pyridinium chlorochromate. 77 
a-ailenic, from 1,1-disubstituted a-allenic alco¬ 
hols, 379 

from benzyl ethers, 83 
cyclic a,0-unsaturated. oxidation of, 459 
from cyclobutanol. 19 
dehydrogenation of. 861 
dimerization of. 860 
from a-olefins. 867 
oxidation of, using Os0 4 , 649 
from secondary alcohols, 382 
using Ag 2 CO,, 507, 520-523 
using Ru0 4 . 450 
by PdS0 4 . 497 
from semicarbazones. 722 
la-Ketoprevitamin D,. from la-hydroxyprevitamin 
D„ 166 

Ketoximes, a.(3-unsaturated, to isoxazoles. 479 
Kreysigine. synthesis of. 698 

Lactams, from acylazocarboxylates. 224 
Lactic acid, to acetaldehyde. 820 
Lactols 

to lactones. 519 
using Ag,CO,, 528-530 
Lactones 

from 1.4-diols. 509 
from 1,5-diols. 509 
from 1.6-diols, 509 
from enol esters. 84 
from lactols. 519 
using AgiCCL, 528-530 
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Lactones (com.) 
from olefins, 233 

from polyols, using Ag : CO,, 525-527 
a,/3-unsaturated. formation of, using MnO ? . 134 
Leuco malachite green, to malachite green. 584 
d-Limonene. oxidation of Mn(OAch. 301 
Linalool, synthesis of, 411 
Longifolene. reaction of, 749 
Lumisteryl acetate, to 5(3,8/3-epidioxy-5.8-dihydro- 
lumisteryl acetate, 626 

2,6-Lutidine, to 6-methyl-2-pyridinecarboxylic 
acid. 56 

Malachite green, from leuco malachite green. 584 
Maleic acid 

oxidation of. using 0s0 4 . 653 
to DL-tartaric acid. 851 
Maleic acids, oxidation of. 850 
Maleic hydrazide. to 3.6-dioxopyridazine, 409 
Malonic acid, oxidation of. using Os0 4 , 653 
Mandelic acid 
to benzaldehyde. 384. 820 
to benzoic acid. 384 
Manganese (HI) acetate 
anhydrous 
preparation of. 263 
synthesis of, 307 
dihydrate 

preparation of, 266 
synthesis of, 308 

Manganese dioxide, preparation of. 121. 122 
D-Mannose, to d-arabinose. 780 
Matairesinol dimethyl ether, to 

(5aR.8aS.13a,13bR)2,3,l 1. n-tetramethoxy- 
S.b^.S-tetrahydrobisbenzola.cJcyclo- 
octeno|6,7-c]-2-tetrahydrofuranone. 729 
Mercaptans. to disulfides. 258 
Mesidine. oxidation of. 584 
Mesitol. to 4-hydroperoxy-2.4.6-trimethylcyclo- 
hexa-2.5-dione, 626 
Mesitylene 
to bimesityl. 593 
oxidation of by Mn(OAc),. 299 
Methacrolein. to methacrylic acid. 865 
Methacrylic acid, from methacrolein. 865 
Methanal. from methanol. 18 
d,/-p-Methane-1,2.8-triol-1,2-diacetic. from d.l-a- 
terpineol, 301 
Methanol, to methanal. 18 
Methine compounds, activated, oxidative coupling 
of. 440 

l-Methoxy-4-acetoxynaphthalene. from 1-methoxy- 
naphthalene. 294 

3-Methoxy-A'-acetylnomantenine. synthesis of, 698 
(± )-3-Methoxy-/V-acetyinomantenine 

to (±)-6a.7-dehydro-3-methoxy-(V-acetylnoman- 
tenine, 729 


(± )-3-Methoxy-(V-acetylnomantenine (com .) 
from (±)-3-methylenedioxybenzvl)-2-acetyl- 
5,6.7-trimethoxy-1,2.3.4-tetrahydroisoqui- 
noline. 729 

4-Methoxybenzaldehvde. from 4-methoxybenzyl 
alcohol, 105 

2-Methoxv-5-(2-benzaminopropyi)benzoquinone, 
from 2.4,5,-trimethoxy-1 -(2-benzamino- 
propyl)benzene, 616-617 
p-Methoxybenzhydryl acetate, from phenyl-p-me- 
thoxyphenylmethane, 757 
p-Methoxybenzyl acetate 

from p-methoxyphenylacetic acid. 793 
from methoxytoluene. 757 
4-Methoxybenzyl alcohol, to 4-methoxybenzalde- 
hyde, 105 

p-Methoxybenzylacetate. from p-methoxytoiuene, 
294 

p-Methoxybenzyialdehyde, from p-methoxytoluene. 
294 

2-Methoxy-4-bromo-5-r-butylphenol. oxidation of. 
822 

4-Methoxy-2.6-diphenylphenol. to 2.6-diphen_vl- 
phenoxyl. 434 

D'-Methoxy-d-hydroxy-methyl-diglycolic aldehyde, 
from a-Methyl-d-mannopyranoside. 780 

1- Methoxynaphthalene. to l-methoxy-4-acetoxy- 

naphthalene. 294 

2- Methoxynaphthalene, to 2-methoxy-1.4-naphtho¬ 

quinone, 294 

2-Methoxy-l,4-naphthoquinone, from 2-methoxy- 
naphthalene. 294 

4-Methoxy phenols, to 4.4-dimethoxy~4-methoxy- 
cyclohexa-2.5-dienones, 726 
2-(4-Methoxyphenoxy)benzoic acid, oxidation of, 
using Tl(II). 730 

p-Methoxyphenylacetic acid, to p-methoxybenzyi 
acetate. 793 

4-Methoxyphenyiglyoxal bisbenzoylhydrazone, 
oxidation of, 397 

6-Methoxytetralin. to l-acetoxy-6-methoxytetraiin. 
757, 802 

p-Methoxytoluene 
to anisaldehyde. 296 
to p-methoxybenzyl acetate. 294. 757 
to p-methoxybenzaidehyde, 297 
oxidation of to substituted biaryls, 295 
A-Methylacetamide, from A./V-dimethylaniline 
using Mn(OAc),, 291 

2-Methyl-5-(2-acetaminopropyl)benzoquinone. from 
2.5-dimethoxy-4-(2-acetaminopropyl)tol- 
uene, 616-617 

Methyl-a-alkylarylacetates. from alkyl aryl acety¬ 
lenes. 720 

2-O-Methylarabinose. from 3-O-methyl-D-glucose. 
542 

a-Methyl-l-arabinosepyranoside. to L -methyloxy- 
diglycolic aldehyde. 780 



Index 


901 


Methylbenzenes 
ammoxidation of, using V, 14 
oxidation of. using cobalt catalysts, 339 
p-Methyibenzyl acetate, from p-xylene. 757 
Methyl 4.6-0-benzylidene-2-deoxy-o-D-/vxo-hexo- 
pyranoside. to methyl 4.6-0-benzylidene-2- 
deoxy-a-D-direo-3-hexulopyranoside. 451 
Methyl 4.6-0-benzylidene-2-deoxy-a-D-direo-hexu- 
lopyranoside, from methyl 4.6-0-benzyii- 
dene-2-deoxy-a-D-/vxo-hexopyranoside, 451 
Methyl-benzylketone. from acetone and benzene 
using Mn(OAc),. 289. 311 
Methylbenzyisulfide, to methylbenzylsulfone. 457 
Methylbenzylsulfone. from methylbenzyisulfide. 

457 

E-Methyl-p-bromocmnamate. 486 
3-Methylbutanai. from 2.5-dimethylhexane-2.3- 
diol. 780 

3-Methylbut-2-enal. from 3-methylbut-2-en-l-oi. 

832 

3- Methylbut-2-en-l-ol, to 3-methylbut-2-enal. 832 

4- Methyl-2-( l-/-butenyl)-tetrahydrofuran. from 

citroneliol, 769 

2-Methyl-5-(2-(/V-f-butoxycarbonylamino)propyl)- 
benzoquinone, from 2.5-dimethoxy-4-(2- 
(A'-t-butoxvcarbonylamino)propyl (toluene, 
616-617 

2- Methyl-3-butyn-2-ol. to 2.7-dimethyl-3,5-octa- 

diyne, 2,7-diol. 432 

3- Methylcatechol. oxidation of. 429 

4- Methylcatechol, to monomethylmuconates, 429 
Methyl cinnamate. to aryl malonaldehydic acid 

dimethyl acetals. 733 

Methyl cinnamates. to methyl-a-dimethoxymethy- 
larylacetates, 715 

Methyl 2,3-diaryl-3-methoxypropanoates 
from chalcone ketals, 733 
synthesis of, 733 
4-Methy 1-2,6-di-t-buty lphenol 
to 2,6-di-/-butyl-4-hydroxy-4-methyicyclohexa- 
2,5-dienone. 430 

to 4-hydroperoxy-4-methyl-2.6-di-f-butylcy- 
clohexa-2,5-dienone. 602, 626 
Methyl-a-dimethoxy methylary [acetates, from 
methyl cinnamates, 715 

l-Methylene-4-/-butylcyclohexane, oxidation of. 

747 

l-(3',4'-Methylenedioxybenzyl)-2-acetyl-5.6,7- 
trimethoxy-1,2.3.4-tetrahydroisoquinoline. 
to (± )-3-methoxy-/V-acetylnomantenine. 

729 

(+)-(lS,4R)-2-Methylenenorbomane. to (+)- 
(lS,5S)-bicyclo[3.2.1 l]-2-octanone. 731 
Methyl esters, from aldehydes, using Ag,CO,. 545 
Methyl ethyl ketone, to l-acetoxy-2-butanone. 786 
Methylethylketone, oxidation of by Mn(OAc),. 306 

4-Methylestra-l,3.5(10)-trienes, oxidation of. 592 
Methylferrocene, oxidation of Mn(OAc) 5 , 305 


Methylgeranate 
from geranial. 149 
from geraniol. 149 

Methylglyoxal bisphenylhydrazone. to 1.2-bisphen- 
ylazopropytene. 396 
a-Methyl-d-glucoside. to glyoxal. 780 

3-O-Methyl-D-glucose. to 2-O-methylarabinose. 

542 

Methyl glycolate. from 1,3-dihydroxyacetone. 543 
Methyl hederagenin. to methyl hederagonate. 831 
Methyl hederagonate. from methyl hederagenin. 

831 

Methyl-heptylketone, from acetone. 1-hexene, and 
Mn(OAc)j, 310 

Methyl-7-(2-hydroxy-5-oxo-1 -pyroridinylheptan- 
oate, synthesis of. 687 

2- Methyi-2-hydroxypropionic acid, to acetone. 820 

3- Methylindoie. to o-formylaminoacetophenone. 

437 

Methylketones. from a-olefins, 475 
0-Methylkreysigine, synthesis of, 698 
a-Methyl-d-mannopyranoside. to d'-methoxy-d- 
hydroxy-methyl-digiycolic aldehyde. 780 
Methyl a-methoxyarylacetates, from acetophe¬ 
nones. 717 

Methy 1-2(2' -methyl-1' -propenoxy )-propionalde- 
hyde, from isobutyraldehyde. 143 

2-Methylnaphthalene 
to l-acetoxy-2-methylnaphthalene. 297 
to 2-naphthoic acid. 98 

2-Methyl-1,4-naphthoquinone, from 1,4-dimethoxy- 
2-methylnaphthalene. 616-617 
2-Methyl-5-(2-nitropropenyl)benzoquinone, from 
2,5-dimethoxy-4-(2-nitropropenyi)toluene, 
616-617 

3a-Methyl-A-nor-5a-cholestane-3a.5-diol, to 4.5- 
seco<holestane-3,5-dione, 780 

2- Methylnorbomene, to 3-methyl-3-nortricyclyl 

acetate. 748 

3- Methyl-3-nortricyclyl acetate, from 2-methylnor- 

bomene, 748 

9-Methyl-5( 10)-octalin-1,6-dione-1,6-bisethylene 
thioacetal. to 9-Methyl-5( 10)-octalin-l ,6- 
dione-1-ethylene tioacetal. 734 
9-Methyl-5( 10)octalin-1,6-dione-1 -ethylene thio¬ 
acetal, from 9-methyl-5(10)-octaiin-1.6-di- 
one-1,6-bisethylene thioacetal, 734 
/V-Methyloxalylpipendine, to A/-methyloxaiyl-2- 
piperidone. 466 

N-Methyloxalyl-2-pipendone. from A'-methyloxalyl- 
piperidine. 466 

3- Methyl-1-oxo-1,4,4a,5.6.7,8.8a,octahydronaph- 

thalene. preparation of, 102 

4- Methy lpent-2.3-diene-1 -ol 

to 4-Methylpent-2.3-diene-l-ol aldehyde, 379 
to 4-Methylpent-2,3-diene-l-ol amide. 379 
3-Methylpentane-l ,3,5-triol. to mevalonolactone. 
561 
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4-Methyl-i-pentyl-tetrahydrofuran. from 3.7- 
dimethyl-l-octanol. 769 
p-Methylphenols, to stilbenequinones. using 
Ag,COj, 548 

Methyl phenylacetate. from acetophenone. 715 
Methylphenylacetylene, to i-phenyipropane-1.2- 
dione, 686 

7 -Methyl- 7 -phenylbutyrolactone. from a-methyl¬ 
styrene, 308 

6-Methyl-2-pyridinecarboxylic acid, from 2.6-luti- 
dine, 56 

Methylpyridines, ammoxidation of, using V ; 0 ; , 14 
a-Methylstyrene 

to l-acetoxy-2-phenyl-2-propanol. 824 
to 7 -methyl- 7 -phenylbutyrolactone, 308 
2-MethyI-THF, from 1-pentanol, 769 
p-Methylthioanisole, oxidation of. 292 
2-Methylthiophene. to thiopene-2-carbocylic acid, 
98 

Methyi-p-tolylcyanoacetate, to 1,2-dicarbomethoxy- 
1,2-dicyano-l ,2-di-tolylethane, 434 
Methyltolylsulfide. to methyltolylsulfone, 457 
Methyltolylsulfone, from methyltolylsulfide. 457 
Methyl-3.4.6-tri-O-benzoy l-a-D-arabino-hexapyra- 
nosidulose, from methyl-3.4.6-tri-0- 
benzoyl-a-D-glucopyranoside, 465 
Methyl-3,4,6-tri-O-benzoyl-a-D-glucopyranoside, to 
methyl-3,4,6-tri-O-benzoyl-or-D-arabino- 
hexapyranosidulose. 465 

L'-Methyoxydiglycolic aldehyde, from a-methyl-1- 
arabinosepyranoside, 780 

Mevalonolactone, from 3-methylpentane-l,3,5-triol, 
561 

Monomethylmuconates, from 4-methylcatechol, 429 
cii.m-Muconate. from catechol monomethylether, 
436 

cfs.cfs-Muconic acid, from catechol, 383 
cw-Muconitriles. from aromatic 1,2-amines, 796 
cu.cu-Mucononitrile. from o-phenylenediamine, 
429, 436 

Myrcene, synthesis of, 411 
Myristic acid, from 1-pentadecene, 466 

Naphthalene 
oxidation of, 14 
to phthalic anhydride, 15 

1.4- Naphthalenediol, to 1,4-naphthaquionone. 616- 

617 

1.5- Naphthalenediol, to 5-hydroxy-1,4-naphthoqui¬ 

none, 626 

2-Naphthoic acid, from 2-methylnaphthalene, 98 
1-Naphthol, to 2.3-epoxy-2.3-dihydro-1,4-naphtho¬ 
quinone, 626 

/3-Naphthol. to l-phenyl-2-naphthol, 834 
Naphthols. oxidation of, with MnO,. 182 
1,4-Naphthoquinone 
formation of, 590 

from 1,4-dimethoxynaphthalene, 616-617 
from 1,4-naphthalenediol. 616-617 


Neolitsine, synthesis of. 698 
Neopentylchloride, from S,f3-dimethylproponoic 
acid. 794 
Of-Nitrato ketones 

from acetophenones using Tl(NO,)v 718 
preparation of. 733 
Nitriles 

dimerization of. 860 
hydrolysis of. using MnO,, 226 
Nitroalkanes. oxidation of. using Ce(IV). 610 
Nitroaniiines. oxidation of, 385 
p-Nitrobenzaldehyde. from p-nitrobenzylalcohol. 
832 

4-Nitrobenzaldehyde diacetate, from 4-nitrotoiuene. 
99 

Nitrobenzene, from benzeneamine. 12 
Nitrobenzenes. from anilines. 859 
p-Nitrobenzyl acetate, from nitrotoluene, 757 
p-Nitrobenzyl alcohol, to p-nitrobenzaldehyde, 832 
m-Nitrobenzyiidene-o-phenylenediamine, oxidation 
of, using MnO,, 238 
o-( p-Nitrobenzylideneamino)phenol 
to 2-(p-nitrophenyl)benzoxazoie. 399 
oxidation of. using MnCh. 238 
Nitrones, from, secondary amines. 858 
2-(p-Nitrophenyl)benzoxazole. from o-(p-mtroben- 
zylidineamino)phenol, 399 
C-Nitroso compounds, from hydroxylamines. using 
Ag,CO„ 554 

a-Nitroso-a-acetoxyalkanes. from aliphatic ketox- 
imes, 798 

gem-Nitrosoacetoxycyclohexane. from cyclohexa¬ 
none oxime, 806 

a-Nitrosotoluene, from iV-benzyihydroxyiamine. 

392 

p-Nitrotoiuene 

to p-nitrobenzyl acetate, 757 
oxidation of, 407 

4-Nitrotoiuene, to 4-nitrobenzaldehyde diacetate, 99 
Nitroxyi radicals, from amines. 858 
Nonanal, from 9,10-dihydroxyoctadecanoic acid, 
780 

2-Nonenal, from 9.10,12-trihydroxyoctadecanoic 
acid, 780 
Norbomadiene 

to 7-benzoyioxynorbomadiene, 855 
to bisnor-S. 342 

to 7-f-butoxynorbomadiene. 855 
to 2.7-diacetoxynorbomene. 752 
to diacetoxynortricyciane. 752 
Norbomene 

to 3-ejro-chloro-2-exo-hydroxynorbomene. 65 
to 3-oxo-3-methylene-4,7-methanobenzofuran, 
309 

Norbomeol, to norcamphor, 450 
Norcamphor, from norbomeol, 450 
A-Nor-2-a-methoxycarbonyl-3-androstan-17/3-y 1 
acetate, from 17-acetoxytesterone, 733 
( + )-19-Nortestosterone, synthesis of, 476 
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Nucleic acid derivatives, oxidative fragmentation 
of, using MnO,, 229 

Ocoteine, synthesis of. 698 
9-Octadecanal. from 9,27-hexatriacontadiene-18.19- 
diol, 780 

Octaethyloxophlorine. from zinc octaethylpor- 
phyrin, 731 
Octanal 

from octene, 107 
preparation of. 106. 108 
Octane-4,5-dione. from butyroin. 826 
1,8-Octanedioic acid, from cyclooctene. 18 

2-Octanol. to 2-octanone. 849 
2-Octanone. from 2-octanoI, 849 
1 -Octene 

to decanoic acid. 310 
to 4-decenoic acid. 309 
to heptaldehyde by Ru0 4 , 458 
Octene 

to rAreo-4,5-dihydroxyoctane. 676 
to octanal. 107 

y-n-Octvibutyroiactone, from 1-decene. 308 
Olefinic unsaturated systems 

Mn(OAc)j initiated addition of aldehydes to. 276 
Mn(OAc), initiated addition of ketones to, 280 
Olefins 

in acetic acid. 477 
in alcohols. 477 
to allyl alcohols. 851 
arylation of by PdCU, 480 
to y-butyrolactones by oxidative addition of 
carboxylic acids, 266 
using chromate-iodine. 62 
C=C cleavage of, 853 
dihydroxylation of, 853 
epoxidation of. 853 
fluorinated, oxidative cleavage of, 459 
a-hydroxylation of. 854 
ketone, addition to, by Mn(OAc),. 280 
oxidation of 

oxidative addition of acetic acid to, 269 
oxidative addition of cyanoacetic acid to, 310 
oxidative carbonylation of, 493 
using sodium bismuthate. 824 
using T1(N0 3 ) 3 , 731 
to vicinal hydroxycarbamates. 644 
in water, 475 
a-Olefins 
to aldehydes, 475 
to methylketones, 475, 867 
cfs-Olefins, dihydroxylation of, 867 
Organoboranes, oxidation of, using pyridinium 
chlorochromates, 95 

Organometallics. ligand dissociation of. with 
Ce(IV), 621 
Orotic acid 

from 6-hydroxymythyluracil. 378 
from 2-thiouracil. 378 


3- Oxabicyclo[3.3.0]oct-7-en-8-carbaldehyde. from 

m-2-oxahydrindane. 780 

Oxadiazole, from benzaldehyde benzoylhydrazone, 
396 

c'ij-2-Oxahydnndane-m-5.6-diol, to 3-oxabicyclo- 
{3.3,0]oct-7-en-8-carbaldehyde, 780 
Oxaziranes. from imines, 854 
Oxazolidine. to cyclopropane, 407 
Oxazoiines, dehydrogenation of, 408 
Oxidative aromatization, using MnO,. 189. 195 
N-Oxides. from tertiary amines. 858 
Oximes 

hydrolysis of, 610 
oxidation of. 400-404 
using AgiCO,, 554 
to carbonyl compounds. 601 
using MnO,. 214 
from primary amines, 858 
Oxiranes, from alkenes, using chromyl acetate. 60 
a-Oxoacids. oxidation of. 383 
a-Oxoalcohols, oxidation of, 383 

4- Oxo-5a-androstan-170-ol propionate, from 5a- 

androstane-4/3,17/3-diol 17-propionate. 776 
6-Oxo-5a-androstane-3(3.17/3-diol 3.17/3-ol-diace- 
tate, from 5a-androstane-3/3,6(3-17/3-tnol 
3,17-diacetate. 776 

3-Oxo-2.3-diaryIpropanoates, from 1.3-diary 1-1,3- 
propanediones, 714 

5- Oxo-e/ido-fenchyl acetate, from enrfo-fenchyl 

acetate, 96 

(1 'RS,2'RS)-8-Oxo-3-em/o-( 1 ',2'-dihydroxy- 

heptyl)tricyclo-4,3,0,0-nonane, synthesis of, 
687 

3-( 1 -Oxo-8/3-methy l-5/3-carboxy-rrans-perhydroin- 
danyl-4a-)propanoic acid, from estrone. 465 

2- Oxo-3-methylene-4,7-methanobenzofuran, from 

norbonene, 309 

1- Oxo-lH,3H-naphtho[l,8-cd)pyran, from 1,8-bis- 

(hydroxymethyl)naphthalene. 140 
11 -Oxo-5a-pregnane-3/3,20/3-diol 3,20-diacetate, 
from 5a-pregnane-3/3,1 1/3,20/3-trtol 3.20- 
diacetate. 776 

3- Oxo-110,20,21 -trihydroxy-5a-pregnan-18-oic 

acid 11,18-lactone 20,21-diacetate, from 
20,21 -dihydroxy-11/3,18-epoxy-5a-pregnan- 
3-one diacetate, 452 

3-Oxobisnor-4-cholen-22-al, to progesterone, 429, 
435 

11- Oxoheptadecyl iodide, from 12-oxostearic acid, 

794 

2- Oxohomoadamantan-3-one, from adamantan-2-ol, 

601 

23-Oxosolacongestidine. from solacongestidine, 156 

12- Oxostearic acid, to 11-oxoheptadecyliodide, 794 
Oxygen insertion reactions by RuO„, 457 
Oxythallation reactions, 709 

1-Pentadecene. to myristic acid. 466 
Pentan-l-oi. to pentanal. 830 
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Pentanal. from pentan-i-ol. 830 
Pentanedial. from 1,2,3-cyclohexanetnol. 780 

1- Pentanoi, to 2-methyl-tetrahydrofuran. 709 
Peptide bond cleavage, using 0s0 4 , 658 
Phenanthrene 

to 9-acetoxyphenanthrene, 297 
to 9,10-phenantraquinone. 461 
9.10-Phenanthraquinone, from phenanthrene, 461 
Phenanthrenequinones. formation of, 591 
Phenols 

to 4-alkyl-4-alkoxycyclohexa-2,5-dienones. 735 
to benzoquinones, 364 
to p-benzoquinones, 725 
to 4,4-dialkoxycyclohexa-2,5-dienones, 735 
dimerization of, 860 
to diphenoquinones, 364 
using Ag 2 CO,, 545 
using Mn(OAc),, 292 
oxidation of, 386 

by sodium bismuthate. 820 
oxidation of monohydroxylic by LTA, 782 
oxidative coupling of. using MnCK. 178 
oxidative polymerization of. using MnOj. 182 
oxygenation to benzoquinones, 441 
phenylation of, 828 

to polyphenylene ethers, using Mn(OAc),, 292 
p-unsubstituted. to diphenoquinones. using 
Ag 2 C0 3 , 548 

Phenothiazines, oxidation of, 408 
Phenylacetate, from benzene, 499 
Phenylacetic acid 

to benzylacetate, using Mn(OAc) 3 , 293 
to benzylchioride, 794 
Phenylacetonitrile. oxidation of, 407 

2- Phenylacetophenone, from 1,2-diphenylethanoi, 

864 

Phenylacetylene, to benzoic acid, 686 
a Phenyl alcohols. Fenton oxidation of, 849 
2-Phenylazo-2-acetoxybutane, from 2-butanone 
phenylhydrazone, 801 

2-Phenylazo-2-acetoxypropane, from acetone phen¬ 
ylhydrazone, 801 

Phenylazotriphenylmethane. from phenylhydrazotri- 
phenylmethane, 834 

2-Phenylbenzothiazole, from 2-hydrazinobenzothia- 
zole, 392 

4-Phenylbutan-l-ol. to 2-phenyltetrahydrofuran, 

864 

a-Phenylcinnamic acids, to 2-acetoxy-1.2-diphenyl- 
ethanones, 293 

Phenylcyclohexane, to cyclohexane carboxylic acid, 
465 

1-Phenylcyclohexene 

to cir-2-acetoxy-l-phenylcyclohexanol. 824 
to 2-(rm-butylamino- 1-phenyl cyclohexanol. 682 
Phenylenediamine. oxidative cleavage of, 429 
o-Phenylenediamine 
to cis.cis-mucononitrile, 429, 436 
to dinitrile, 385 


o-Phenylenediamines. oxidative cleavage of, 441 
2-Phenylethanol. to phenylmethanal. 19 
Phenylethene. to l-phenyl-2-iodoethanone. 100 
a-Phenyiethyl acetate, from ethylbenzene, 757 
Phenylethylamine, to /ranr'-a-a'-stillbenedicarbo- 
nitrile, 390 

Phenylglyoxal bisbenzoylhydrazone, oxidation of. 
397 

Phenylglyoxal bisphenylhydrazone, to tnazoles. 

396 

Phenylhydrazine, oxidation of, 392 
Phenylhydrazones 
oxidation of. 400-404 
using Mn0 2 , 224 

Phenylhydrazotriphenylmethane, to phenylazotri¬ 
phenylmethane, 834 

Phenylhydroxylamine, to azoxybenzene, 392 
Phenylmethanal 
from 2-phenylethanol, 19 
from phenylmethanol. 70 
Phenylmethanol, to phenylmethanal, 70 
Phenylnitromethane. from benzene, nitromethane, 
and Mn(OAc) 3 , 311 

l-Phenyl-2-iodoethanone. from phenylethene, 100 

1- Phenyl-2-naphthol, from /3-naphthol, 834 
Phenyl-4-methylthiosemicarbazide. oxidation of, 

408 

Phenyl-p-methoxyphenylmethane, to p-methoxy- 
benzhydryl acetate, 757 

2- Phenyl-propionaldehyde, oxidative decarbonyla- 

tion of, 429 

5-Phenyl-l-pentanol, from 2-benzyl-tetrahydro- 
furan, 769 

1- Phenylpropane-l,2-dione, from methylphenylace- 

tylene, 686 

3- Phenyl-1 -propanol 
to chroman, 580 

to 4-chromanone, 580 
to chromone. 580 
to 3-phenylpropionic acid. 378 

2- Phenylpropene, to l-acetoxy-2-phenylpropan-2- 

ol, 824 

£-l-Phenylpropene. to £-1.2-diphenylprop-l-ene. 
483 

Z-l-Phenylpropene. to Z-l,2-diphenylprop-l-ene, 
483 

3- Phenylpropionic acid, from, 3-pheny 1-1-propanol, 

378 

2-Phenylpyridine, from benzonitrile. 361 
2-Phenyltetrahydrofuran. from 4-phenylbutan-l-ol, 
864 

2-Phenyl-l,2,3-triazole-4-carboxylic acid, from 
glucose phenylosotriazole, 579 
Phleomycin A,, to bleomycin A 2 , 409 
Phosphorous compounds, oxidation of, using 
Mn0 2 . 231 

Phthalic anhydride, from naphthalene, 15 
Pimelic acid, from cycloheptane. 466 
Pmacoi. to acetone, 780 
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a-Pinene 

to ris-2-acetoxy-pin-3-ene, 749 
to (rans-pinocarvyl acetate. 750 
to a-terpineol-acetate, 302 
mms-Pinocarvyl acetate, from a-pinene, 750 
Piperil, from piperoin, 826 
Piperotn, to piperil. 826 

Poly-2,6-dimethyl-1,4-phenylene ether, from 2.6- 
xylenol. 383 

Poly-2,6-disubstituted-l4-phenylene ether, from 
2.6-disubstituted phenols. 427 
Polycyclic alcohols, oxidation of, 769 
Polycyclic arenes, to quinones. 618-619 
Polycyclic aromatic hydrocarbons, oxidation of. 14. 
602 

Polyhydroxy compounds, oxidation of. using 
MnO ; , 172 

Polynuclear hydrocarbons, oxidation of. using 
CrfVI), 59 
Polyols 

to diketones, using Ag 2 C0 3 , 531-534 
to ketols, using Ag : CO,. 531-534 
to lactones, using Ag,CO,. 524-527 
oxidation of. using Mn0 3 , 139 
Polyphenylene ethers, from phenols using 
Mn(OAc),. 292 

Polyphenylene oxide, from 2,6-xylenol by oxidative 
polymerization, 821 

Porphyrins, oxidation of using Tl(IH), 707 
Potassium oleate, to erythro-9, 10-dihydroxystearic 
acid, 642 

Pregnan-17a,20a-diol. to 17a-hydroxypregnan-20- 
one, 519 

Pregnan-17a.2O0-diol, to androstan-17-one. 519 
5a-Pregnane-3.20-dione, from 5a-pregnane- 
3/3,200-diol. 450 

5a-Pregnane-3/3,11/3.20/3-triol 3.20-diacetate, to 

l l-oxo-5c*-pregnane-3£i,20fi-diol 3,20-diace- 
tate, 776 

5a-Pregnane-3(3,20/3-diol. to 5a-pregnane-3.20- 
dione, 450 

2-Prenyl-3-methyi- 1,4-naphthoquinone, from 1.4- 
dimethoxy-2-prenyl-3-methylnaphthalene. 
616-617 

Progesterone, from 3-oxobisnor-4-cholen-22-al. 

429, 435 

Propanal, from 1-propanol. 18, 776 

1- Propanol, to propanal. 18, 776 

2- Propanol, to acetone. 776 
Propargyl alcohol, to propynal. 577 
Propene 

from butyric acid. 861 
to iro-propeny(acetate. 477 
iso-Propenylacetate. from propene, 477 
Propiolic acid, from propargyl alcohol. 378 
i-Propyi chloride, from i-butync acid. 794 
1-Propylidenetetralin, to l-ethyl-2-benzosuberone, 
732 

Propynal, from propargyl alcohol. 577 


Proteins, crosslinking of, using OsO,. 658 
Pyrans. oxidation of. using Os0 4 , 646 
a-Pyrazines. from a-aminoketones, 212 
Pyrazoles. from chalcone phenyihydrazones. 395 
Pyrazolines. dehydrogenation of, 408 
5-Pyrazolones, to 2-alkynoic esters, 734 
3-substituted 5-Pyrazolones, to 2-alkynoic esters, 
using Tl(NO,)j. 720 

3.4- disubstituted 5-Pyrazolones, to ailenic esters. 

using Tl(NO,),. 721 

l-(2-Pyridyl)-4-methylthiosemicarbaztde, to triazo- 
lopyridine. 408 

Pyrroles, oxidative coupling of, 490 
1-Pyrrolidino-l -cyclohexene, to ethyl cyclopentane- 
carboxylate. 802 

Quinine, oxidation of. 834 
Quinizarin, to 1,4,9,10-anthradiquinone. 616-617 
Quinolideperoxides, from 4-alkyl-2,6-di-butyi- 
phenols, 430 

Quinols. oxidation of. using Ce(IV), 616 
o-Quinonemonoanil, from o-aminophenol. 545 
Quinones 

from hydroquinones, 20 
oxidation of, using Os0 4 , 646 
by oxidation of hydroquinones with Mn0 2 , 181 
from polycyclic arenes. 618-619 
p-Quinones, from 5-hydroxycoumarans. 588 
p-Quinones, from 6-hydroxychromans, 588 

Regio stereoselective epoxidation. 853 

Reticuline. to isoboldine. 23 

Retinal, from vitamin A, 379 

Ring contracted acids, from cyclic ketones. 849 

Ruthenium tetroxide, preparation of, 464 

Schiif bases, oxidation of, 406 

4.5- Seco-choiestane-3.5-dione. from 30-methyl-A- 

nor-5a-cholestane-3a.5-diol. 780 
Selenides. to selenoxides using Tl(NO,)i, 723 
Selenoxides. from selenides using T1(N0 3 ) 3 , 723 
Semicarbazones 
to aldehydes, 722 
to carbonyl compounds. 601 
hydrolysis of. 610 
to ketones, 722 
Septicine. to tyiophorine, 699 
Sesquicarene, synthesis of, 152 
Silver carbonate, preparation of, 560 
Sodium 10-undecenoate. to 10.11-dihydroxyundeca- 
noic acid, 642 

Solacongestidine. to 23-oxosolacongestidine. 156 
L-Sorbose. to 1-glycerinaldehyde. 780 
Steroids 

oxidation of. using Ag 2 C0 3 , 535-541 
oxidative ring contraction. 188 
unsaturated, oxidation of. 459 
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A 4 -Steroids. to cis-4.5-diols. 646 
Stilbenequinones 

from p,p'-dihydroxystilbenes. using Ag-CO!, 548 
from p-methylphenols. using Ag 3 C0 3 . 548 
cis-Stilbenes. from aryidiazomethanes. 586 
frans-Stilbenes. from aryidiazomethanes. 586 
rrims-a-a'-Stilbenedicarbonitrile. from phenyiethyl- 
amine, 390 
Straus coupling, 426 
Styrene, to acetophenone. 853 
Styrenes, to arylacetaidehydes, 712 
2-Styrylindoles, from azirines, 356 
Suberic acid (mono ethyl ester), to ethyl 6-hepten- 
oate, 793 

4-Substituted phenols, to 4,4-disubstituted 
cyclohexa-2.5-dienones, 726 
Succinic anhydride, from acetic anhydride. 306 
Succinimide. from butyrolactam, 453 
Sulfenylimines, to sulfoximines, 457 
Sulfide, to sulfoxides, using V, 28 
Sulfides 

oxidation of. 614 
using MnO-. 229 
oxygenation of. 359 
to sulfoxides, 13. 602. 859 
using Tl(NO,)„ 723 
Sulfones 

from sulfides, 859 
from sulfoxides, 13 
Sulfoxide, oxygenation of, 359 
Sulfoxides 

from diaryl sulfides, 587 
from sulfides, 13, 602, 859 
using T1(N0 3 ) 3 , 723 
using V, 28 
to sulfones, 13 

Sulfoximes, from sulfenylimines, 457 
Sulfur compounds, oxidation of, 409 


DL-Tartaric acid, from maleic acid, 851 
Terpenes 

to 7 -butyrolactones by oxidative addition of 
acetic acid using Mn(OAc) 3 , 274 
oxidation of, using MnO,, 149 
ot-Terpineol. synthesis of, 411 
<f./-or-Terpineol 

to homo-teipenyl-methylketone, 301 
to d./-p-methane-1,2.8-triol-1,2-diacetic, 301 
a-Terpineol-acetate. from teipineol. 302 
Tertiary amines, to amine oxides, 26 
Testosterone 

to androst-4-ene-3-17-dione, 830 
from 30,17/3-dihydroxyandrost-4-ene, 507 
oxidation of by RuO<, 459 

2.3.5.6- Tetrabromobenzoquinone, from 2,3,5.6- 
tetrabromohydroquinone, 616-617 

2.3.5.6- Tetrabromohydroquinone, to 2,3.5,6-tetra- 
bromobenzoquinone. 616-617 


9,3’,9'.9"-Tetracarbazole. from carbazole, 390 
7.7.8,8-Tetracyanoquinonedimethane. preparation 
of. 191 

Tetracyclone. to tetraphenyi-2-pyrone, 581 
Tetrahvdro-1.4-benzodiazepine, oxidation of. 

453 

A f “ (l0 “’-Tetrahydrocannabinyi acetates, oxidation of, 
593 

Tetrahydrofuran 
from 1-butanol, 769 
to butyrolactone. 452 
from primary alkanols, 579 
Tetrahydrofurans. from alcohols, using LTA, 802 
Tetralin 

to 1-acetoxytetralin. 757 
oxidation of. using chromic acid. 58 
to a-tetralone. 341 
to 1-tetralone, 620 
Tetraline. to tetralone, 855 
Tetralins. to tetralones, 100 
Tetralone. from tetraline, 855 
a-Tetralone 

to 2-acetoxy-a-tetraione. 786 
from tetralin. 341 
1-Tetralone. from tetralin. 620 
Tetralones 

from olefins, ketones, and Mn(OAc) 3 , 285 
from tetralins, 100 

a-Tetralones. from addition of aromatic ketones to 
olefins, using Mn(OAc) 3 , 285 
(5aR,8aS,13a,13bR)2,3,11.12-Tetramethoxy- 
5,6,7,8-tetrahydrobisbenzo[a,c]cyclooc- 
teno[6,7-c]-2-tetrahydrofuranone, from ma- 
tairesinol dimethyl ether, 729 

2.3.4.5- Tetramethoxy-6-allyltoluene, to 2-allyl-3- 
methy 1-5,6-dimethoxybenzoquinone, 616- 
617 

2.3.4.5- Tetramethoxy-6-geranyltoluene, to 2-allyl- 
3-methyl-5,6-dimethoxybenzoquinone. 616- 
617 

3.3.5.5- Tetramethylcyclohex-l-enyl benzoate, to 

3,3,5-tetramethyl-6-oxocyciohex-l-enyl 
benzoate, 107 

3,3’,5,5'-Tetramethyldiphenoquinone. from 2,6- 
dimethylphenol, 562 

2.3.5.6- Tetramethyl-l,4-dimethoxybenzene, to 
duroqutnone, 616-617 

3,3,5-T etramethy 1-6-oxocyclohex-1 -eny 1 benzoate, 
from 3,3,3,5-tetramethylcyclohex-l-enyl 
benzoate, 107 

Tetramethylsuccinaldehyde, from isobutyraldehyde, 
143 

cis- 1,1,4,4-Tetramethyltetraline-2.3-diol. to 1,2- 
bis[2-formyl-propyl(2)]benzene, 780 
Tetraphenylethene 

from dichlorophenylmethane. 363 
to 9,10-diphenylphenanthrene, 65 
Tetraphenylhydrazine. from diphenylamine. 390 
Tetraphenyi-2-pyrone, from tetracyclone, 581 
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Tetraphenylsuccinonitrile. from diphenyiacetom- 
trile, 428, 434 

2,2',6,6'-Tetrasubstituted biaryls, synthesis of. 697 

3,3,5,5-Tetrasubstituted diphenoquinones. from 
2,6-disubstituted phenols. 427 
Tetrols, from dienes. 645 
Theophyllines, synthesis of. 405 
Thiazoles, dehydrogenation of. 408 
Thiiran, to thiiran 1-oxide, 33 
Thiiran 1-oxide, from thiiran. 33 
Thioanisole. to acetoxymethylenephenylsulfide. 

using Mn(OAc),. 292 
o-Thiocresoi. to di-o-toiyldisulfide. 833 
p-Thioc resol. to di-p-tolyldisulfide. 833 
Thiol, to disulfide, using V. 27 
Thiols 

to disulfides, 722, 827 
oxidation of, using V, 12 
Thiopene-2-carbocylic acid, from 2-methylthio- 
phene. 98 
Thiophenoi 

to diphenyldisulfide. 833 
to diphenylsulfide. 407 
Thiosemicarbazides, oxidation of. 408 
Thiosulfinates, from disulfides, using V, 29 
Thiosulfonates, from disulfides, using V, 29 
2-Thiouracil, to orotic acid, 378 
Thioxanthene. to thioxanthone, 591 
Thioxanthone, from thioxanthene, 591 
o-Threose. from D-xylose, 542 
Tigogenin. to tigogenone. 830 
Tigogenone, from tigogenin. 830 
Tioethers. a-acetoxylation of. 857 
Toluene 

to benzaldehyde, 855 
to benzoic acid, 407 
to benzyl acetate, 757 
to bitolyls, 499 
to cresol acetates, 499 

1 -(p-Toluidino)naphthalenesulfonic acids, dimeriza¬ 
tion of, 585 

V-fp-TolyU-p-benzoquinone. from p-tolylphenyl- 
amine. 390 

p-Tolylmercuric acetate, to cresol acetates. 499 
p-Tolylphenylamine, oxidation of. 390 
3a,7a,12a-Triacetoxy-24,24-diphenyi-50-chol-23- 
ene 

to 3a.7a, 12a-triacetoxy-24-nor-5/3-cholan-23-al, 
466 

to 3a,7a, 12a-tnacetoxy-24-nor-5(3-cholan-23-oic 
acid, 466 

3a, 7a. 12a-T riacetoxy-24-nor-5/3-cholan-23-al, 

from 3a,7a, 12a-triacetoxy-24.24-diphenyl- 
5/3-chol-23-ene, 466 

3a,7a, 12a-Triacetoxy-24-nor-5(3-cholan-23-oic 
acid, from tnacetoxy-24,24-dipheny 1-5/3- 
chol-23-ene, 466 
T riazoles 

from bishydrazone. 396 


Triazoles (com.) 

from 1.2-diketone bisphenyihydrazone. 396 
to phenylglyoxal bisphenyihydrazone. 396 
Triazolpyridines. from benzii monohydrazone. 395 
2,4,6-Tri-r-butylphenol 
to 2-acetoxy-2.4,6-tri-r-butylcyclohexa-3,5- 
dienone. 804 

to 4-acetoxy-2.4,6-tri-r-butylcyclohexa-2,5- 
dienone. 804 
oxidation of. 823 

l,l,l-Trichloro-3-chloronane. from 1-octene. 

carbon tetrachloride, and Mn(OAc),. 311 
9.10,12-Trihydroxyoctadecanoic acid, from 2- 
nonenal. 780 

3.4.5- Trimethoxybenzaldehyde. from 3.4.5-trime- 

thoxybenzyl alcohol. 105 

2.4.5- Trimethoxy-l-(2-benzaminopropyi)benzene, 

to 2-methoxy-5-(2-benzaminopropyl)benzo- 
quinone. 616-617 

3.4.5- Trimethoxybenzyl alcohol, to 3.4.5-trime- 

thoxy benzaldehyde. 105 

3.4.5- Trimethoxycinnamic acid, to 2.6-bis(3,4,5- 

trimethoxyphenyl)3,7-dioxabi- 
cyclo[3.3.0]octane-4.8.dione. 731 

2.4.4- Trimethylpentanal, from 2.4,4-trimethyl-1- 

pentene. 101 

1.3.5- Trimethyl-2,4-bis(l-methoxycarbonyl-2- 

ethenyl)benzene, preparation of, 498 

2.4.4- Trimethyipent-l-ene, oxidation of. 640 

2.4.4- Trimethyl-l-pentene, to 2,4,4-trimethylpen- 

tanal. 101 

Triphenylacetic acid, to triphenylmethyi acetate, 
793 

Triphenylmethyi acetate, from triphenylacetic acid. 
793 

5.5.5- Triphenyl-l-pentanol, to 2,2.3-triphenyl- 

tetrahydrofuran. 769 

2,2,3-Triphenyi-tetrahydrofuran. from 5,5,5- 
triphenyl-1-1-pentanol, 769 
Triterpenes. oxidation of. using Ag 2 CO,. 535-541 
Tylophorine, from septicine, 699 

Unsaturated alcohols, intramolecular cyclization of, 
773 

Unsaturated aldehydes, from olefins and aldehydes 
using Mn(OAc),, 310 
Unsaturated diols. from dienes, 645 
(3,7-Unsaturated ketones, to (3-keto-aldehydes, 687 
Unsaturated systems, addition of aldehydes to with 
Mn(OAc),, 276 

Unsubstituted amides, to isocyanates. 797 


/-Valeric acid, to i-butyl chloride, 794 
n-Valeric acid, to n-butyl chloride. 794 
Vinylacetate, from ethylene, 473 
(S)(+)-2-Vinyl-2,3-dihydrobenzofuran, preparation 
of. 498 
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Vitamin A. to retinal. 379 
Vitamin A alcohol, to vitamin A aldehyde, 832 
Vitamin A aldehyde, from vitamin A alcohol, 
832 


Xanthanone. from xanthene, 591 
Xanthene, to xanthanone, 591 
m-Xylene, oxidation of by Mn(OAc) 3 , 299 
o-Xyiene. oxidation of by Mn(OAc),, 299 
p-Xylene 

to benzoyloxy-p-xylene, 868 
to p-methyibenzyl acetate, 757 
oxidation of by Mn(OAc),, 299 


2.4-Xylenol. to 4-hydroperoxy-2,4-dimethylcy- 
clohexa-2.5-dione, 626 
2,6-Xylenol 

to 2-acetoxy-2.6-dimethylcyclohexa-3.5-dienone, 
821 

oxidative polymerization of to polyphenylene 
oxide, 821 

to poly-2,6-dimethyl-1,4-phenylene ether, 383 
2,3-,2,5-,3,5-Xylenois, oxidation of, 590 
D-Xylose. to D-threose, 542 


Zinc octaethylporphyrin, to octaethyloxophiorine, 
731 



